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(54) Solid electrolyte with nanometre size pores 

(57) The menf>brane electrode assembly 1 has an 
ancxie 10, a cathode 20, and an electruiyte membrane 
30 disposed between the anode and cathode; the anode 
and cathode are gas diffusion electrodes; the electrolyte 
membrane contains a solid electrolyte in which a plural- 
ity of pores with mean pore diameters of 1 to 30 nm are 



formed; and the solid electrolyte has a backt>one com- 
prising organic groups having one or more metal atoms, 
oxygen atoms t>onded to the metal atoms, and carbon 
atoms bonded to the metal atoms or oxygen atoms, and 
also has functional groups with bn-exchange capabili- 
ties that are twnded to the organic groups in the pores. 
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Description 

BACKGROUND OF THE iNVENTIQN 
Field of the Invention 

[DD01] The present invention relates to a membrane electrode assembly, fuel cell, electrolytic cell, and solid electro- 
lyte. 

Related Badcgrpund Art 

[DD02] Fuel cells are devices for directly supplying to the outside electric energy generated using electrochemlcai 
reactions that comprise oxidation reactions involving a redudant-containing gas (refen^ to hereinbeiowas "fuel gas" 
or "anode reaction gas") fed to the anode, and reduction reactions involving an oxidizer-containing gas (referred to 
herelnbetow as "cathode reaction gas") fed to the cathode to make It possible to obtain high power generation efTidency 
under the operating conditlans of a relatively low-temperature region. In addition, fuel ceils malce it easier to recover 
thennal energy generated in the course of the aforement toned electric cells. For this reason, power generation systems 
equipped with fuel cells can achieve higher overall energy efficiency in comparison with heat engines, which are limited 
by the Camot efficiency. Furthermore, fuel cells have achieved prominence as dean power generation systems that 
have minimal Impact on the global environment because water is theoretically the only reaction product obtained when 
hydrogen Is used as the reductant, and oxygen as the oxidant. 

[0003] Such fuel cells are classified by electrode active material, electrolyte, operating temperature, and the like. 
Among these cells, solid-polymer fuel ceils {or polymer-electrolyte fuel cells) featuring ion-exchange membranes com^ 
posed of polymer electrolytes or the like as certain types of electrolyte have potential for practical use as power supplies 
In small-size cogeneretbn systems or in electric cars and other moving vehicles, and are being extensively studied 
with the aimfof achieving performance improvements because these ceils can operate at comparatively low tempera- 
tures and can easily be fashfoned into compact and lightweight devices. 

[0004] In conventional practice, a common soIkJ-polymer fuel cell has as the constituent elements thereof at least 
membrane electrode assemblies (MEA) obtained by employing gas diffuston electrodes as the anode and cathode, 
and interposing and bonding {or contacting) an electrolytB membrane between the anode and cathode. In addition,' 
gas diffusion electrodes used in such membrane electrode assemblies commonly comprise catalyst layers containing 
catalyst-canying carbon microparticles coated with an electrolyte (ion-exchange resin or the like), and gas diffuston 
layers for feeding reaction gas to the catalyst layers and collecting the electric charge generated In the catalyst layers. 
Voids composed of mteropores fanned between the secondary particles and/or tertiary particles of carbon or another 
porous microparticulale material are present in the catalyst layers of the gas diffusion electrodes, and these voWs 
functton as diffusion channels for the reactton gas. 

[0005] In a conventional membrane electrode assembly, the ionto conductance of the electrolyte membrane and of 
the electrolyte coating on the aforementioned catalyst decreases when the membrane and the electrolyte become dry 
and their moisture content is reduced, with the result that the cell voltage decreases and the power generation eTidency 
of the cell decreases as well. Consequently, the polymer electrolyte membrane and the electrolyte coaUng on the 
catalyst in an operating electric cell must be prevented from drying in order to maintain a high level of operation without 
lowering the power generation efftelency of the fuel cell. 

[D006] For this reason, conventionally known methods include those In which, for example, anode reaction gas and/ 
or cathode reaction gas is humidified in advance at a temperature that is equal or neariy equal to the cell temperature, 
and the value of the water vapor partial pressure in at least one of the anode reactton gas and/or cathode reaction gas 
is adjusted to reach substantial agreement with the value of saturated water vapor pressure at the operating temper- 
ature of the membrane electrode assembly before the gas Is fed to the electric cell; and those in which water for 
humldlflcatkin Is directiy fed to the electric cell, and the water is vaporized In the electric cell to achieve humldlficattan 
or the like. 

[0007] In addition. cumenUy researched solid-electi-olyte fuel cells generally have low operating temperatures and 
do not lend themselves easily to the utilization of waste heat because of limitations Imposed by the heat rBslstance, 
lonfc conductance, and other properties of polymer electrolyte membranes, requiring that a performance capable of 
ensuring high power generation efficiency and high output density under the operating conditions of high anode reaction 
gas {pure hydrogen or the like) utilization efficiency and cathode reaction gas (air or the like) utilization efficiency be 
established in order to allow such cells to be used in actual practtoe. 

[OOOB] However, the quantity of water transported together with the protons that travel through the polymer electrolyte 
membrane from the anode to the cathode Increases, as does the quantity of condensed water produced by the electrode 
reacttons on the cathode, under operating conditions characterized by the comparatively high reaction velocity of such 
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cell reactions. This tends to produce a so-called flooding phenomenon, which is a phenomenon in which water falls to 
rapidly drain to the outside and plugs the voids in the catalyst layer of the cathode. When the flooding phenomenon 
occurs, the cathode reaction gas Is prevented from being fed to the reaction site on the catalyst layer, and it becomes 
impossible to obtain the desired ceil output in a stable manner. 

5 [0009] For this reason, a solid-pofymer fuel cell in which flooding can be prevented and the desired cell output ob- 
tained in a stable manner by adding polytetrafluoroethylene (referred to herelnbebw as "PTFE"), tetrafluoroethyiene/ 
hexafluoropropylene po^er, tetraf1uoroethylene/perfiuaro(aikyi vinyl ether) copolymer, or another such fluororesln as 
a hydrophoblzation agent to the cathode catalyst layer to endowthe cathode with adequate water drainage is proposed, 
for example, in Japanese Patent Application L^id-open No. IH5-36418. As used in the present specification, the temi 

10 "A/B capaiymer* refsrs to a copolymer comprising polymerization units based on A and polymerization units based on B. 

SUMMARY OF THE INVENTION 

[0010] The above-described conventional fuel cell has the following drawbacks, however. Specifically, feeding anode 
t5 reaction gas and cathode reaction gas to the electric cell after humidifying these gases in advance at a temperature 
equal or nearly equal to the temperature of the electric cell In this manner creates a need for a large quantity of purified 
water for humidrfication purposes and makes it necessary to install a storage tank for providing water for humidific^ion 
purposes, a humidifier for humldilying the reaction gas with the water for humidification, a condenser for recovering 
water discharged from the fiiel cell, a controller to operate these elements, and other types of peripheral equipment, 
20 bringing about problems In the sense of Increasing the scale of the power generatbn system and producing a more 
complicated structurs. It Is also difficult In this case to obtain adequate power generation efficiency from the power 
generation system as a whole. 

[0011] Furthermore, using bulky peripheral equipment in order to deal with the above-descrit)ed humidification con- 
ditions Increases the tendency whereby it becomes more difficult to rapidly change the temperature of humidifiers, 

25 condensens, and other types of heat-exchange equipment, and also increases the tendency whereby it beconnes more 
difficult to rapidly vary the partial pressure of water vapor in the reactton gas . For this reason, it is sometimes difficult 
to rapidly adjust the supply of water vapor components for humidification in a commensurate manner to match the 
rapid variations in the operating state of a fuel cell. As a result, problems sometimes occur whereby the moisture 
necessary for humidifteation Is fed in InsufTident quantities to the polymer electrolyte membrane, bringing about a 

30 reduction in cell output, or problems occur wheret3y excess moisture is fed to the electrodes, bringing about flooding. 
[0012] 1-lumidification equipment is also needed and the same problems as above occur if water for humidification 
is fed directly to the electric cell and is vaporized in the cell to achieve humidification. In the particular case of an electric 
cell operating at a low temperature, water Is retained by the electrodes, the fbodlng problem occurs, and the problem 
whereby the cell voltage decreases sharply is encountered if the water cannot be adequately vaporized in the cell. 

35 [0013] The fuel cell described in Japanese Patent Application l^id-open No. H5-36416 above, while allowing highly 
water-repellent voids to be formed by including a water repellent into the catalyst layer, is still disadvantageous in the 
sense that cell output is reduced rather than increased by the increase in the electric resistance of the electrodes due 
to the insulation properties of the water repellent, or by the reduction In gas difFusksn in the catalyst layer due to the 
Increased thnkness of the catalyst layer. Another drawback Is that the power generation system sometimes increases 

^ in scale and acquires a complex structure. 

[0014] There are also cases in which, for example, attempts are made to operate electric cells in a state in which 
the partial pressure of the water vapor contained In the reaction gas fed to the electrodes Is kept below the pressure 
of saturated water vapor at the operating temperature of the electric cells; that Is, In so-called iow-humklity conditions, 
or cases in which attempts are made to operate electric cells in so-called unhumidified conditions, in which the reaction 

45 gas fed to the electrode is not humidified at all; for example, the moisture content of an operating cell is controlled 
using the product water of the cell reactions in order to reduce the overall energy loss of the power generation system 
that accompanies the aforementioned humidification, and to make the system more compact. 
[0015] Operating an electric cell under such humidification conditions Is disadvantageous, however, in that it is im- 
possible to completely prevent the drying of the ion-exchange resin contained in the polymer electrolyte membrane or 

50 electrodes. Uie cell voltage decreases contrary to design, and the power generation efficiency decreases as well during 
operation. 

[0016] Specifically, practical Implementation has yet to be achieved conceming a membrane electrode assembly 
that is configured to allow the product water in the cathode to be efficiently used to humidify the electrolyte membrane 
or the electrolyte in the catalyst layer, and that is capable of adequately operating under such tow-humidification con- 
55 d'ltions on unhumidified conditions, and also conceming a fuel cell that comprises this assembly. 

[001 7] Another drawback Is that It is Impossible to ensure adequate electrolysis efficiency when the atxive-described 
conventionally configured membrane electrode assembly Is used in an electrolytic cell. 

[0018] An object of the present invention, which was perfected in view of the above-described drawbacks of the 
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conventional art. is to provide a membrane electrode assembly in wlilch the product water of cell reactions can be 
efficiently used to humidify the electroiyta membrane and in wiiich hlgii output can be obtained in a stable manner 
even when the quantity of water fed to the electrolyte membrane from the outside is reduced or blocked off altogether; 
to provide a fuel cell that lends itself to size reducUon and can deBver high power generation efficiency: and to provide 
an electrolytic cell that lends itself to size reducUon and can deliver high power generaUon efnclency. 
rOOIft] Another object of the present invention is to provide a solid electrolyte that can be appropriately used as a 
material fbrthe eledralyte membrane of the membrane electrode assembly, fuel cell, and electrolyUo call of the present 

IOimIo1°"as a result of extensive research aimed at attaining the stated object, the inventors perfected the present 
invention upon discovering that the reduction in output can be adequately controlled virtien the waterfed to the electrolyte 
membrane from the outside is reduced or blocked off altogether during operation by employing an organlcflnorganlc 
composite material that combines the struotura of an Inorganic material and the structure of an organic material, and 
has pores whose mean pore diameters fall within a specific range; forming an electrolyte membrane that contains as 
a constituent material thereof asoiid electrolyte in which functional groups having ion-«xchange capabilities are bonded 
to the organlcgroups constituting the backbone of the composite material; and forming a membrane electrode assembly 
using this membrane. 

[00211 Specifically, the present invention provWes a membrane electrode assembly comprising an anode, a cathode, 
and an electrolyte membrane disposed between the anode and cathode, wherein the electrolyte membrane comprising 
a solid electrolyte in which a plurality of pores with mean pore diametere of 1 to 30 nm are fbrmed. and the sobd 
electrolyte has a backbone comprising organic groups having one or more metal atoms, oxygen atoms bonded to the 
metal atoms, and carbon atoms bonded to the metal atoms or oxygen atoms, and also has functtonal groups with ion- 
exchange capabilitiee that are bonded to the organlcgroups in the pores. 

[00221 As used herein in refbrence to the present invention, the term "membrane electrode assembly" indicates a 
product In which an electrolyte membrane and electrodes are mutually banded and Integrated by a heat treatment or 
the like {for example, hot pressing), or a product In which the electralyte membrane and the electrode are brought into 
contact with each other while allowed to remain separate. In addition, the term "gas diffusion electrode" used in the 
present specification reftere to an electrode having at least a catalyst layer that contains a catalyst and has gas diffusion 

properties and electrical conducthrity. ^ , w_ j i i 

[00231 The above-described solid electrolyte pertaining to the present Invention and having the above-descnbed 
backbone structure and pores that satisfy theabove-described conditions for the mean pore diameter,and also having 
functional groups that have ioivexchange capabilities and are bonded to the organic groups in these pores, can ade- 
quately maintain water in a fiqukJ state inekJe the pores by the capillary condensation phenomenon even when the 
partial pressure p of the water vapor In the pores at an ambient temperature that allows for the presence of the solid 
electralyte Is less than the pressure a, of sahjrated water vapor at the ambient temperature {that Is. the absolute 
pressure of water vapor pfp„, expressed as the ratio p/Po of p and p^. Is less than 1.0). The ions In water can be 
adequately conducted, in accordance with an ionic conduction mechanism that is Mentical to the one involving a pol- 
ymer electrolyte, by funcUonal groups with ion-exchange capabiUties inside the pores completely filled with water in 

this manner. • 
[00241 For this reason, an electrolyte membrane containing this solW electrolyte as a constituent material can also 
maintain high ionc conductance even when the partial pressure p of the water vapor in the pores at an ambient tem- 
perature that allows for the presence of the electrolyte membrane is less than the pressure Po of saturated water vapor 
at the ambient temperature. . . ^ ^. . . ,^ 

[00251 Consequently, the membrane electrode essembly of the present Inventton . in vrtilch this electralyte membrane 
Is mounted, albws the electrolyte membrane to retain the product water of the cathode in the pores thereof by the 
capillary condensation phenomenon and to successfully prevent the ionic conductance from decreasing even when 
the quantity of water fed to the electrolyte membrane from the outside is reduced or blocked off altogether, making it 
possible to obtain high output In a stable manner. Specifically, the membrane electrode assembly of the present in- 
vention alkjws the product water of the cathode to be used for humldificattan with high efficiency, and high output to 
be obtained in a stable manner even when the parUal pressure of water vapor in at least either the reacUon gas fed to 
the anode or the reacUon gas fed to the cathode '» lees than the saturated water vapor pressure at the operating 
temperature of the membrane electrode assembly. 

[00261 For this reason. It Is possible In the membrane electrode assembly of the present Invention to maricedly reduce 
the heretofore described quantity of water used for humidiflcaUon and Introduced from the outside in order to humidify 
the electrolyte membrane or the electrolyte in the catalyst layer during operation, and also to dispense with the water 
for humidificalion completely. ConsequenUy. the membrane electrode assembly allows the peripheral equipment for 
humldificattan to be maricedly reduced In size, and the structure of the entire power generation system to be readily 

simplified and made more compact. _v. »■ ^.,^.,^m, 

[00271 in addiUon. a solid electrolyte having the above-described backbone structure has high mechanical strength 
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and heat resistance, so the electrolyte membrane for the membrane electrode assembly of the present Inventbn has 
higher mechanical strength and heat resistance than does a conventional polymer electrolyte membrane. For this 
reason, the membrane electrode assembly of the present Invention can operate across a wider temperature range 
than can a membrane electrode assembly in which a polymer electrolyte membrane is mounted. For example, the 

s membrane electrode assembly of the present inventbn can operate across a temperature range of -40 to 50GPC. 
[0028] Obtaining hydrogen by subjecting methanol, methane, or other hydrocarbon-based starting materials to re- 
fomiing reactions has been studied in connection with membrane electrode assemblies in which conventional polymer 
electrolyte membranes are mounted when hydrogen is used as the reaction gas for the anode, and incorporating the 
reforming equipment used for this purpose into a power generation system has also been studied, but because the 

10 reaction temperature of these reforming reactions Is higher than the operating temperature of the membrane electrode 
assembly, the hydrogen and water-vapor-containIng gas produced kiy such reforming reactions must be cooled down 
to the operating temperature of the membrane electrode assembly hefam being fed, and the condensers and other 
peripheral equipment used for this purpose increase in size. 

[0029] By contrast, the membrane electrode assembly of the present invention can operate at a higher temperature 

15 than In the past, and can therefore be greatly reduced in size In cases in which the aforementioned condensers and 
other peripheral equipment are usually installed. From this perspective as well, the membrane electrode assembly of 
the present invention can facllrtate maldng the structure of the entire power generation system simpier and smaller in 
size. In addition, the membrane electrode assembly of the present invention can operate at a higher temperature than 
in the past, and can therefore also be valuable when used as the membrane electrode assembly of a so-called direct 

20 methanol fuel celi (DMFC), In which methanoi is directly fed Instead of hydrogen to the anode. 

[0030] Furthermore, the product water of the cathode is successfuity retained in the pares of the solid electrolyte in 
the electrolyte membrane in the case of the membrane eiectrode assembly of the present invention; making it possible 
to simplify the electrode structure because there is no need, for example, to separately provide a water-repellent layer 
In order to prevent the product water of the cathode from being discharged outside. 

25 [0031] When the humldlflcatlan conditions for the reaction gas fed to the electrodes are set such that the partial 
pressure of the water vapor contained In the reaction gas is kept at the same level as the saturated water vapor pressure 
at the operating temperature of the electric ceil, there is an increased tendency for electrolyte resistance to rise in the 
area of the polymer electrolyte membrane that faces the anode when the hurnkjification from the anode side during 
operation k>ecomes Insufficient because of the movement of waterthattravels together with protons through the polymer 

30 electrolyte membrane from the anode toward the cathode in a membrane electrode assembly In which a conventbnal 
polymer electrolyte nnembrane is mounted, and there is a stronger tendency for the voids In the catalyst layer of the 
cathode to t>e fboded by the water moving from the anode and by the condensed product water generated by the 
electrode reactions on the cathode. 

[0032] However, the membrane electrode assembly of the present invention can ensure a more stable output In 
35 comparison with a membrane electrode assembly in whteh a conventional polymer electrolyte membrane is mounted 
because any uneven distribution of water in the operating electrolyte membrane such as the one descrit)ed above can 
be successfully prevented by the heretofore described capillary condensation phenomenon in the pores even when 
the operation is conducted under the same humidlfication conditions as in the prior art. 

[0033] In the membrane electrode assembly of the present invention described herein, the anode and cathode are 
^ preferably gas difTusion electrodes. An appropriate membrane electrode assembly can thereby be constructed more 
securely when used in a fuel cell. 

[0034] The present invention also provides a fuel cell comprising at least the above-described membrane electrode 
assembly of the present inventbn; a cathode separator that is disposed in a state proximate to the external surface of 
the cathode in the membrane electrode assembly, and that at least comprises a groove for forming a channel for feeding 
^ an oxidizer-containing cathode reaction gas to the cathode from outside the membrane electrode assembly; and an 
anode separator that is disposed in a state proximate to the external surface of the anode in the membrane electrode 
assembly, and that at least comprises a groove for forming a channel for feeding a reductant-containlng cathode re- 
actbn gas to the anode from outside the membrane electrode assembly. 

[0035] The fuel cell of the present invention can make it easier to reduce the size of a power generation system 
so containing this cell, and can yield higher power generation efT^'ency by being provided with the above-described mem- 
brane electrode assembly of the present Invention. 

[0036] The present Invention further provides an electrolytic cell comprising at least the above-described membrane 
electrode assembly of the present inventbn, and a voltage application element for applying a specific voltage between 
the anode and cathode that comprise the membrane elecb^de assembly. The electrolytic cell of the present invention 
55 can make it easier to reduce the size of a power generation system containing this cell, and can yield higher power 
generation efficiency by t>eing provided with the above-described membrane electrode assembly of the present Inven- 
tion. 

[0037] Moreover, the present inventbn provides a solid electrolyte in which a plurality of pores with mean pore di- 
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ametefs of 1 to 30 nm are formed; which has a backbone comprising organic groups having one or more metal atoms, 
oxygen atoms bonded to the metal atoms, and carbon atoms bonded to the metal atoms or oxygen atoms, and a so 
has functional groups with Ion-exchange capabilities that are bonded to the organic groups In the pores; andwWch 
further has one or more peaks at a diffracUon angle that co^esponds to a d-value of 1 .5 nm or less in an X-ray diffrachon 

Th^^ove-described solkJ electrolyte pertaining to the present invenUon and having the above-described backbone 
stmoture and poras that satisfy the abovMiescribed oondiUons for the mean pore diameter, and also having fiJncttonal 
groups that have ton-exchange capabilities and are bonded to the organic groups in these pores, can adequately 
mainteln water in a liquid state insWe the pores by the capillary condensation phenomenon even when the partia^ 
pressurepof the water vaporln the pores at an ambient temperature that allows for the presence of the solid etectroiyto 
Is less than the pressure pO of saturated water vapor at the ambient temperature (that is. the absolute pressure of 
water vapor n/po Is less than 1 .0). The ions in water can be adequately conducted. In accordance with an ionic con- 
duction mechanism that is idenUcal to the one involving a polymer electrolyte, by functional groups with ion-exchange 
capabilities inside the pores completely filled with water in this manner. 

[0038] Furthermore, the above-described solU electrolyte of the present inventtan has one or more peaks at a dif- 
fraction angte that conBsponds to a d-value of 1.5 nm or less in an X-ray dlffractton pattern. This indicates ttiat an 
ordered periodic structure on the molecular scale is created in the pore walls of the pores of this solid electrolyte. For 
this reason, the functional groups with ion-exchange capabiliOes in the pores can also be readily arranged m an ordered 
fashion on the wall surfaces of the pores in this sofid electrolyte. The distribuUon state of the functional groups witti 
Ion-exchange capabilities on the wall surfaces of the pores in this solid electrolyte can thereby be readily kept In a state 
extremely otose to an Ideal state in which the functional groups wfth ton-exchange capabilities are dslnbuted in a 
uniform manner. As a result, the water content in the pores of this solid electrolyte can be kept uniform without any 

type of uneven distribution. . _i _i i i 

[0039] For this reason . an eleotrolyte membrane containing this soUd electrolyte as a constitaent material can main- 
tain high Ionic conductance even when the partial pressurepof thewatervaporinthe pores at an ambient temperature 
that altows for the presence of the electrolyte membrane is less than the pressure p^ of saturated water vapor at the 
ambient temperature. ConsequentV. the above-described solid electrolyte of the presenlinvention can be appropnatey 

used as a material for the electrolyte membrane of the previously described membrane electrode assembly, fuel cell, 
and electrolytjc cell of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] 

Fig. llsaschemattecross-secttonah^lBwdeplolIng a first embodiment of toe membrane electrode assembly of the 

present invention; ■ ■ ,w ~. 

Rg. 2 is aschematte cross-secOonal view depicting a preferred embodiment of a fuel cellcompnsing the membrane 
electrodeassembly shown in Fig. 1; ,, . a 

Fig. 3 is an exptoded perepecUve view deplcUng the strocture of an eleotrolyte membrane pertaining to a second 
embodiment of the membrane electrode assembly of the present invention; 

Fig. 4 IS a schematic cross-sectional view depicUng a preferred embodiment of an electrolyUc cell comprising the 
membrane electrode assembly shown In Fig. 1; , ^ u.w 

Fig. 5 Is a schemado cross-secttonal view deplcUng another embodiment of the membrane electrode assembly 

Fig.Tis"a'grapii depicUng X-ray diffraction patterns obtained for the porous particles and solid electrolyte of syn- 
thesis example 1; J i,j I 

Fig. 7 Is a graph depicting X-ray dHiraction patterns obtained for the porous particles and soHd electrolyte of syn- 

Fi^8 tea graph depicting nitrogen adsorpUon isottierms obtained for the porous particles and srtkl electrolyte of 

synthesis example 1 ; j lu i ^„UJ^^ 

Fig. 9 is a graph depicting pore diameter distribution curves obtained for the porous particles and solid electrolyte 

of synthesis example 1; , ^ ^ , 

Fig 10 b a sodium hydroxWe titraUon cuive obtained far the solkl electrolyte of synthesis example 1. wherein a 
designates the correlation between the titer and the pH of a 0.05N sodium hydroxide aqueous soluUon. and b 
designates the correlation between the titer and the d(pHydV {value obtained by differentiating the pH with respect 
to the titer V) of a 0.05N sodium hydroxide aqueous solution; 

Fig 11 Is a graph depteting the water vapor adsorption Isotherms at 25°C obtained for the solW electrolytes of 
syntheste example 1 and comparative synthesis example 2. and the porous particles of comparative synthesis 
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example 2; 

Fig. 12 is a graph depicting the profile of weight variations in parous particles as a starting material for the solid 

electrolyte of synthesis example 1 when a Ihermogravimetric analysis was perfomned in an air stream; 

Fig. 13 is a graph depicting the profile of weight variations in porous particles as a starting material for the solid 
5 electrolyte of synthesis example 1 when a Ihermogravimetric analysis was performed in a nitrogen stream; 

Fig. 1 4 is a TEM photograph of porous particles as a starting material for the solid electrolyte of synthesis example 1 ; 

Fig. 15 is a TEM photograph of porous particles as a starting material for the solid electrolyteof synthesis example 1; 

Fig. 16 is a perspective view schematically depicting the intemal structure of porous particles as a starting material 

for the solid electrolyte of synthesis example 1; 
10 Fig. 17 Is a model diagram schematically depleting the hexagonal structure of mesopores In the porous particles 

as viewed along the c-axis shown in Fig. 16; 

Fig. 18 is an enlarged view of Fig. 17; 

Fig. 19 is a model diagram schematically depicting the hexagonal structure of mesopores in the porous particles 
as viewed along the t>-axis shown in Fig. 16; 
15 Fig. 20 is an enlarged view of Fig. 19; and 

Fig. 21 is a model diagram schematically depicting the molecule stmcture Inside the mesopores of the porous 
particles. 

DESCRIPTiON OF THE PREFERRED EMBODIMENTS 

[0D41] Preferred embodiments of the present invention will now be described in detail with reference to the drawings. 
In the description that follows, identical symt>ols are used for identical or corresponding portions, and overiapping 
descriptions are omitted. 

25 [First Embodiment] 

[0042] Fig. [isaschematlccross-sectionalviewdepicting a first embodiment of the membrane electrode assembly of 
the present invention, in addition, Fig. 2 is a schematic cross-sectional view depicting a preferred embodiment of a 
fuel cell comprising the membrane electrode assembly shown in Fig. 1. The fuel cell 2 shown in Fig. 2 Is a fuel ceil 

30 suitable for use as the power supply of a moving vehicle or a compact cogeneration system. The fuel cell 2 generates 
electric energy by electrochemical reactions using anode reaction gas and cathode reaction gas. 
[0043] The fuel cell 2 shown in Fig. 2 primarily comprises a flat membrane electrode assembly 1 , an anode separator 
40 and a cathode separator 50 disposed on both sides of the membrane electrode assembly 1, an extemal output 
tenninal 80 electrically connected to the outside surface of the anode separator 40, and an extemal output terminal 

35 90 electrically connected to the outside surface of the cathode separator 50. 

[0044] Furthermore, the membrane electrode assembly 1 primarily comprises an anode 10 as a gas diffusion elec- 
trode, a cathode 20 as a gas diffusion electrode, and a proton-conducting electrolyte membrane 30 disposed between 
the anode 10 and cathode 20, as shown in Figs. 1 and 2. 

[0045] In the fuel ceil 2, a hydrogen-containing gas (fuel gas) produced by the water vapor reforming of a hydrocarbon- 
40 based raw fuel such as, for example, methanol or natural gas is used as the anode gas, and an oxygen-containing 
gas such as, for example, air is used as the cathode gas. In this case, the electrode reactions given by Eqs. (1) and 
(11) below proceed at the anode 10 and cathode 20. respectively; and the combined cell reaction given by Eq. (Ill) 
proceeds overall. 

^ H2->2H* + 2e- (I) 

(1/2)02 + 2H* + 2e' -> HgO (II) 

50 

H2 + (1/2) O2 H2O (III) 

[0046] Each constituent element of the present embodinnent will now be described In detail based on Figs. 1 and 2. 
^ The electrolyte membrane 30 will first be described. The electrolyte membrane may be a membrane formed solely 
from the solid electrolyte described above, or it may, in addition to the solid electrolyte, further contain an electrolyte 
different from the solid electrolyte. A proton-conducting polymer electrolyte is prefeoed as the electrolyte dilferont from 
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occurs decreases with a reducUon in the pore diameter 



In (P/Po) = - (2 TVLCOse) / {(D/2)RT ) 



S the nraSert Irwentlon although 700 n^/g or greater Is preferred. The specific surface area can be oateulated as a 
BETsSeTHTslcfaL^^^^^^^^ by the use of the BET f ^^^^ ^ 3 
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content In the pores of this solid electrolyte can be kept unifbrm even more securely without any type of uneven dis- 
tribiitlDn. 

[0057] The solid electrafyte pertaining to the present invention has a t3acicbone that comprises organic groups having 
one or more metal atoms, oxygen atoms bonded to the metal atoms, and carbon atonrts t>onded to the metal atoms or 
s oxygen atoms, as described above. Examples of such backbones include the following backbones (a) and (b). 

(a) A t^ackbone (reftenred to herelnbelowas "an organic/inorganic hybrid-based backbone") that comprises organic 
groups having one or more cart>on atones, also comprises two or more metal atoms bonded to the same or different 
carbon atoms in the organic groups, and further comprises one or more oxygen atoms bonded to the metal atoms. 
10 (b) A t>ackbons (referred to hereinkselow as "a surface-modified organ k;/inorgank: complex bacUxine") In which 

an organb group having one or more cartxin atoms is bonded to the metal atoms or oxygen atoms in an inorganic 
backtxine comprising metal atoms and oxygen atoms bonded to metal atoms. 

[0058] A solid electrolyte having the organic/inorganic hybrid-based backbone (a) will be described next. 

IS [0059] The organic groups In the organic/inorganic hybrid-based backbone must have a valence of 2 or greater in 
order to be able to bond with two or more metal atoms. Escamples of such organic groups include bivalent and higher- 
valence organic groups produced by desorbing two or more hydrogen atoms from an alkane, alkene, alkyl, benzene, 
cycloalkane, or other hydrocart>on. The organic/inorganic hybrid-based backbone pertaining to the present invention 
may contain a single type of such organic group, or it may contain two or more types of such groups. 

20 [0060] In the present Invention, the valence of the organic groups Is preferably 2 because a solid electrolyte having 
an adequate degree of crossllnking can be obtained in this case. Examples of such bivalent organic groups include 
the methylene group (-CH2-), ethylene group {-CH2CH2-), trimethylene group {-CHjCHgCHg-) . tetramethylene group 
(-CH2CH2CH2CH2-) . 1 ,2-butylene group {-CH (C2H5) CH-) , 1 ,3-butylene group {-CH{CH3)CH2CH2-), phenylene group 
(-CQH4-), diethyl phenylene group (-C2H4-CeH4-C2H4-) , vinylene group (-CH=CH-), propenyiene group 

25 (-CH2-CH=CH^) , butenylene group (-CH2-CH=CH-CH2-) , amWo group (-CO-NH-), dimethylamino group 
(-CH2-CH=CH-CHz-), amido group {-CO-NH-), dimethylamino group {-CH2-NH-Cli2-). and trimethylamine group 
(-CH2-N (CH3) -CH2-) . Among these, the methylene group, ethylene group, and phenylene group are preferred be- 
cause of their ability to produce highly crystalline porous partteles. 

[0061] Two or more metal atoms may be bonded to the same or different cartmn atoms In the aforementbned organic 
30 groups, and no particular limitations are Imposed on the types of these metal atoms, examples of which Include silbon, 
aluminum, titanium, magnesium, zirconium, tantalum, niobium, molybdenum, cobalt, nickel, gallium, t>eryllium, yttrium, 
lanthanum, hafnium, tin, lead, vanadium, and t}oron. Among these, silicon, aluminum, and titanium are preferred be- 
cause of their good bonding with organic groups and oxygen. The aforementioned metal atoms band with the organic 
groups, and also kxsnd with oxygen atoms to form oxides. These oxides may be complex oxides comprising two or 
35 more types of metal atoms. 

[0062] The organic/inorganic hybrid-based backbone is formed by the bonding of the aforementioned organic groups, 
metal atoms, and oxygen atoms, and the type of bond is not limited in any particular way and may be a covalent bond 
or ion bond. Solid electrolytes having various backbones (linear, iadder-type, reticulate, branched, or the like) form 
depending on the number of metal atoms bonded to the organic groups or on the number of oxygen atoms bonded to 
^ the metal atoms. 

[0063] In an organic/inorganic hybrid-based backbone, the organic groups are bonded with two or more metal atoms, 
and these metal atoms are bonded with one or more oxygen atoms, so the organic groups are Incorporated into the 
tsackbone of the metal oxide. As a result, the solid electrolyte pertaining to the present invention exhibits bath organic 
and Inorganic surface characteristics. 
45 [0064] Among such organic/inoi^anic hybrid-based backbones, a backbone comprising at least one type of structural 
unit expressed by General Formula (1) below is preferred. 



so 
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[Chemical Formula 1] 
[0065] 



f 



(1) 



[0066] InEq. (1) hereinabove, R'' is an organic group having one or more carbon atoms, and M is a metal atom. 
Specific examples of R'' and M include the groups and atoms referred to In the descriptions of the aforementioned 
organic groups and metal atoms. 

[0067] Also in Eq. (1) above. R2 indicates a hydrogen atom, a hydroxyl group, or a hydrocarbon group. No limitations 
are imposed on the type of R2 when it is a hydrocarbon group. Examples of R^ include alltyl groups with a carbon 
number of 1 io 10, alkenyl groups with a carbon number of 1 to 10. phenyl groups, and substituted phenyl groups. 
[0068] Furthermore, the x in Eq, (1) above Indicates an integer obtained by subtracting one from the valence of the 
metal M, n indicates an integer no less than 1 and no mora than x, and m indicates an integer of 2 or greater. The R"" 
carbons to which M is bonded may be the sanne or different. In addition, "-0%-" indicates a group that fbnra ■-0-" when 
two such groups bond together. 

[0069] When the R1, M, R2, n. and m In Eq. (1) hereinabove are an ethylene group, silicon atom, methyl group, 1, 
and 2, respectively, General Fonmula (1) Is expressed by Chemical Fonnula (2) below, and a backbone in which two 
of the structural units of Chemical Formula (2) link together is expressed by Chemical Fonnula (3) below. 



[Chemical Fonmula 2] 
[0070] 



CH3 CH3 

-Oi^-Si-CH2CH2-Si-Oi;2- 



(2) 



[Chemical Formula 3] 
[0071] 



CH3 CH3 CH3 CH3 

-Oi^a-Si-CHjCHz-Si-O-SI-CHaCHz-SI-Oiya- 
CH, CH, CH, CH3 



(3) 



[0072] In addition, Eq. (1 ) is expressed by Chemical Fonnula (4) below, and a reticulate structure Is formed when a 
plurality of the structural units of Chemical Formula (4) link together In a case In which the R^, M, n, and m in Eq. (1) 
above are an ethylene group, silicon atom, 3, and 2, respectively. Furthemaore, a case in which four of the structural 
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units of Chamical Fannula {4} are linked together Is shown by Chemical Formula (5) below as an example of such a 
rsticulate structure. 

[Chemical Fonnnuia 4] 

[0073] 



9l/2 ?1/2 



-Oi/2-Si-CH2CH2-Si-0,;2- 



15 



^1/2 ?iy2 (4) 



[Chemical Formula 5] 
20 [0074] 

% % 

as O O 

>AA O-Si— CH2-CH2— SI-O^AA 

9 o 

30 ■ • 

\A/^0-ShO>AA W^O-Sl-0>AA 
I I 

35 CH2 

>AAO-Si-0\A/^ >AAO-Si-0>AA 

9 9 

>A/^ O-Si— CH2— CH2-Si-ONM 

6 6 

^ ^ (5) 

45 

[0075] The organic/inorganic hybrid-based backbone pertaining to the present invention may comprise a plurality of 
structural units for which the R\M, R2, n.and/n In Eq. (1) above are different. For example, the backbone may comprise 
the structural units expressed by Chemical Formula (2) above and the structural units expressed by Chemical Formula 
(4) above. When the solid electrolyte pertaining to the present invention has the structural units expressed by General 
so Formula (1 ) above as the organic/inorganic hybrid-based backbone, the backbone may also have, for example, Si - 
{Oyt) 4- , Ti - (O^ 4. , and other structural units In addition to the aforementkined structural units. 
[0076] A solid electrolyte having an organic/inorganic hybrid-based backbone may, for example, be obtained by the 
polycondensation of at least one of the compounds expressed by General Formula (6) beksw. 

55 
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[Chemical Formula 6] 
[D077] 



(x-n)y 



m 



(6) 



[00781 In Eq. (6) herein, the Ri , M, and R2 are the same as the corresponding R\ M. and R2 in General Formula (1) 
above. In addition. A Indicates an alkoxyl group or a halogen atom, x is an Integer obtained by subtracting 1 from the 
valence of the metal M. n is an Integer no less than 1 and no more than x. and m indicates an integer of 1 or greater. 
The cailjons to which M is bonded may be the same or different. 

100791 When the A In Eq. (6) above is an alkoxyl group, the type of hydrocattwn group bonded to the oxygen in the 
alkoxyl group is not limited in any particular way and may. for example, be a chain, cyclic, or alicyollc hydrocarbon 
group. The hydrocarbon group Is preferably a chain alkyi group with a cartjon number of 1 to S. and more preferably 
a methyl group or ethyl group. ..... ^-^ u., 

[00801 Furthemiore. when the A in Eq. (6) above is a halogen atom, the type of atom is not limited in any particular 
way and may. for example, be a chlorine atom, bromine atom, fluorine atom, or Iodine atom, of whksh chlorine and 

bromine are preferred. u- w • ^ 

[0081] For example, the compound expressed by Eq. (6) above is 1 .2-bis{trimelhoxy8ilyl)benzene. which is ex- 
pressed by {CH3O) aSi-CgHA-Sl {OCH3) 3. when the Ri. M. A. n. and m in Eq. (6) are a phenyl group, silicon, methoxy 

group, 3, and 2, respectively. . , , j 

[0082] In additton. the compound expressed by Eq. (6) above is 1 . 2-bls (trichiorosllyl) benzene, which Is expressed 
by Cl3Si-C6H4-SICl3. when the R1. M. A. n. and m In Eq. (6) are. for example, a phenyl group, silicon, chtanne. 3. and 

[0083] In the present invention, an alkoxysilane. titanium alkoxide, aluminum alkoxide. or the like may be further 
added to and polycondensed with the. compound expressed by General Formula (6). 

[0084] Tetramethoxysllane. tetraethoxysilane. tstrapropoxystlane, or the like may be used as the alkoxysilane. It is 
also possible to use an alkoxysilane having amino groups, cartjoxyl groups, mercaplo groups, epoxy groups, and other 

functional groups. . ^ ^ .u. .-, • ^ 

[0085] Titanium butoxide. Utanium isopropoxide. or titanium ethoxide may. for example, be used as the titanium 
alkoxide; and aluminum isopropoxide may. for example, be used as the aluminum alkoxide. It is also possible to use 
silicon chloride (SiCU) and various other meal haHdes. 

[0088] An SiOa-AljOa backbone may also be introduced by adding pseudo-boehmile. sodium aluminate. aluminum 
sulfate, dialkoxyaluminolrialkoxysilane. or the like and reacting It with the compound expressed by Eq. (6) above, with 
an alkoxysilane. or the like. V, B. and Mn may be further introduced Into the backbone by adding and reacting vanadyl 
sulfate {VOSO4) , boric acU {H3BO3). manganese chloride (MnCy. and the like. 

[0087] A method for producing a solW electrolyte having an organte/lnoiganks hybrid-based backbone will be de- 
scribed next. J J .u « -rf 
[0088] When a solid electrolyte having an organicfinotganic hybrid-based backbone is produced, the compound 
expressed by Eq. (6) above should be added to a surfactant-containing aqueous solution and polycondensed under 
acidic or alkaline conditions. » > h, , 
[0089] The surfactant may be a cationic. anionic, nonionie. or other surfactant. Fatly acW salts, alkylsulfonates. aikyi- 
phosphates, polyelhylene-oxide-based nonionie surfactants, primary alkylamines. and the like can be cited in addition 
to alkyltrimethylammonlum [C„H2„»iN(CH3)3]. alkylammonium. dialkyldlmethylammonlum. and ben^ammonlum 
chlorides, bromides, Iodides, hydroxides, and the like as such surfactants. A compound in which the alkyI groups have 
a carbon number of B to 18 is preferably used as the alkyltrimethylammonlum [CnHjn+iN (CH3) 3] . 
[0090] A polyethylen&oxide-based nonionie surtiactanl that has a hydrocartjon group as the hydrophobic component, 
and a polyethylene oxide chain as the hydrophilic component can be cited as an exampte of a nonionie surfactant. 
Examples of such surfactants Include C16H33 (OCHjCHa) 2OH. Ci2H2s(OCH2CH2)40H. C^^Ha^ (OCHjCHa) i^OH. 
C1SH33 (OCHoCHz) 20OH, CiaH37 (OCH2CH2) iqOH, CiaHas (OCHjCHz) iqOH . and CijHjsCOCHzCHa)^©". 
[0091] It is also possible to use a auriiaclant that has a sorbilan fatty add ester component and a polyethylene oxide 
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campanent. Examples of such sur^ctants Include Triton X-100 (Aldrich). polyethylene oxide (20) sorbttan monolaur- 
ylate (Tween 20. Aldrich), polyethylene oxide (20} sorbltan monopalmitate (Tween 40). polyethylene oxide (20) sorbitan 
monostearate, polyethylene oxide (20) sorbitan monooleate (Tween 60), and sorbitan monopalmitate (Span 40}. 
[0092] Triblock copoVmers comprising three polyalkyiene oxide chains may also be used as such surfactants. Among 

B these copolymers, a triblock copolymer expressed as "polyethylene oxide (EO) chain/polypropylene oxide (PO) chain/ 
polyethylene oxide (EO) chain" Is preferred. This triblock copolymer can be expressed as (EO) ^ (PO) y (EO)^ where 
X is the numberof repeating EO chains, and y is the number of repeating PO chains .Although no particular restrictions 
are imposed on the x and y in the triblock copolymer used in the present inventton. it is preferable that x be 5 to 110 
and y be 15 to 70, and it is even more preferable that x be 15 to 20 and y be 50 to 60. 

10 [0093] Triblock copolymers comprising polypropylene oxkJe (PO) chain/polyethylene oxide (EO) chain/polypropylene 
oxide (PO) chain ((PO)x (EO) y (PO)x) may also be used In preferred practice as such surfactants. Although no par- 
ticular restrictions are imposed on the x and y herein, it is preferable that x be 5 to 110 and / be 15 to 70. and it is even 
more preferable that x be 15 to 20 and y be 50 to 60. 

[0094] Examples of such triblock copolymers include (EO) 5 (PO) 70 (EO) 5. (EO) ^3 (PO) 3Q (EO) ^3, (EO)2o (PO)3q 

16 (EO)2o. {EO)2e(PO)3g(EO)28, (EO) ^7(PO) 55 (EO) 17 (EO) (PO) ^ (EO) (EO) (PO) 70 (EO) 20. (EO) 30 (PO) 30 
(EO) (EO) (PO) 70 (EO) ,06. (EO) ,00 (PO) 39 (EO) ,00, (EO) ,g (PO) 33 (EO) 19, and (EO) ^ (PO) 35 (EO) ^. 
Among these, it is preferable to use (EO) ^7 (PO) 53 ( EO) and (EO) ^7 ( PO) 53 ( EO) These lribloci« copoiynrwrs 
are available from BASF and other companies, and triblocic copolymers having desirable x- and y-values can be ob- 
tained on a small^cale production level. The aforementioned triblock copolymers may be used singly or as combine- 

20 tions of two or more copolymers. 

[0095] It is also passible to use a star diblocit copolymer in which two polyethylene oxide (EO) chains/polypropylene 
oxide (PO) chains are bonded in a corresponding manner to the two nitrogen atoms of ethylenedtamrne. Examples of 
such star dibiodt copolymers include ( (EO113 ( PO) 22) 2l^OH2CH2N ( ( PO) 22 (EO) ^^3) 2. ( (EO) 3 
(PO) 18 ) 2NCH2CH2N { (PO) ,8 (EO) 3) 2. and ( (PO) (EO) ) aNCHjCH^N ( ( EO ) ( PO ) ) j. The afbremen- 

25 tioned star dlblock copolymers may be used singly or as combinations of two or more copolymers. 

[0096] A solid electrolyte having an organic/inorganic hybrid-based backbone can be obtained by adding the com- 
pound (and an alkoxysilane or other inorganic compound if necessary) expressed by Eq. (6) above to a surfactant- 
containing aqueous solution, and poiycondensing the product under acidic, alkaline, or neutral conditions. 
[0097] It Is also possible to polycondense an organic metal compound (and an Inorganic compound if necessary) In 

30 the absence of a surfactant under addle or alkaline conditions to form an oligomer, to then add a surfiactant to the 
aqueous solution containing this oligomer, and to continue the polycondensation under acidic or alkaline conditions. 
[0098] in a polycondensation performed in the presence of a surfactant, a polycondensation based on alkaline con- 
ditions and a polycondensation based on acidic conditions can be carried out in an attemata manner. The sequence 
of the alkaline conditksns and ackiic conditions maintained in this case is not limited in any particular way, but the 

35 degree of crosslinking tends to increase if the polycondensation is performed first in acidic conditions and then in 
alkaline conditions. In the polycondensation reaction, stirring and standing are preferably alternated. 
[0099] The polycondensation reaction temperature is preferably within a range of 0 to 100°C, but lower temperatures 
tend to enhance the orderliness of the resulting structure. The preferred reaction temperature for making the structure 
more ordered is 20 to 40°C. On the other hand, higher reaction temperatures tend to increase the degree of poiymer- 

40 ization and to make the structure more stable. The prefierred reaction temperature for ensuring a higher degree of 
polymerization is 60 to 80**C. 

[0100] A porous precursor whose pores remain filled with the surfactant is obtained when the polycondensation 
reaction is Ibllowed by the filtratbn of the precipitate or gel formed after aging has been conducted, and the product 
is washed as needed and is then dried. 

45 [0101] The porous precursor may be dispersed in water or another electrolyte, or in an aqueous solution containing . 
the same surfactant as that used in the polycondensation reaction {typically, at a surfactant concentration that is the 
same as or less than that maintained during the polycondensation reaction), and may then be hydrothermaily treated 
at 50 to 200''C. In this case, the solution used In the polycondensation reaction may be heated directly or after t)eing 
diluted. The heating temperature is preferably 60 to 100°C, and more preferably 70 to The corresponding pH is 

so preferably alkaline, and a pH of. fer example, 8 to 8.5 is preferred. The time of the hydrothermal treatment, while not 
subject to any particular limitations, Is preferably 1 hour or greater, and more preferably 3 to 8 hours. 
[0102] Following this hydrothermal treatment, the porous precursor is filtered and then dried to remove excess 
processing solution. It is also possible to perform stining for approximately several hours to several tens of hours at 
room temperature in advance before the porous precursor is dispersed in the aforementtoned aqueous solution or 

S5 solvent, the pH is adjusted, and the hydrothermal treatment is then started. 

[0103] The surfactant is subsequently removed from the porous precursor. Examples of suitable removal methods 
include methods based on baking and methods in which the precursor is treated with a solution of water, alcohol, or 
the like. A solid electrolyte having an organic/inoiganic hybrid-based backk>one can thus be obtained from the porous 
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S)104l In the methad based on baking, the parous precursoris heated to 300 to 1000-C. end preferably 200 to SOO-C. 
The healing time may be about 30 minutes, but heating for 1 hour or longer Is preferred in order to completeh^ removB 
the surfactant component. The baking may be carried out in air. but because combustion gas » produced in large 
quantities, nitrogen or another inert gas may also be introduced to cany out the baking. te 
roi051 When the surfactant Is removed from the porous precursor using a solvent, the porous materia precursor te. 
for example, dispersed In a solvent that has high solubility wUh respect to the surfactant, the system is stirred, and the 
solid fraction is then recovered. Water, ethanol, methanol, acetone, or the like can be used as the solvent. 
[01061 When a cationic surfactant is used, the porous precursor is dispersed in ethanol or water containing a srnall 
amount of added hydrochloric acW. and the system is sOrred while heated to 50 to 70«C. The ^tlonlc ^urfectent b 
thereby caused to participate In an ion-exchange reaction invoh/ing protons, and is extracted. When an anionic sur- 
factanl Is used, the surfactant can be extrected In a soh«nt containing added ankins. When a nonlonic surfertanl Is 
used, H is possible to perform extraction exclusively with a solvent. Ultrasonic waves are preferably applied dunng 
extractton it is also preferable to combine stirring and standing or to repeat the cycles. 
[01071 The shape of the soHd electrolyte pertaining to the present invention can be controlled by sy"'^'^*'^ 
The shape of a solid electrolyte reflects the airangement stnioture of particle pores, and is determined l>y fectore ftat 
are themselves determined by the crystal structure. For example, the crystal stnicture of sphencal parades » a Uiree- 
dimenstonal hexagon, and the crystal structure of hexagonal priamaUc particles is a two-dimensional hexagon. In ad- 
dition, fhe crystal structure of ocladecagonal particles is a cube. 

[01081 Rearttan temperature and surfactant length (cartwn number) can be cited as synthesis condiUora that affect 
ttie shape (crystal stnioture) of a solid eteotiolyte. When, for example, an alkyltrimethylammonlum b used as the sur- 
factant, the ruction temperature and the number of cart)on8 in the alkyi groups thereof have an effort on the shape 
of the oiganicfinorganic composite material. I^r example, hexagonal prtemauc particles tend to form 
number bf the alkyi groups Is 18 at a reaction temperature of 95-C. and ocladecagonal parttelas tend to fomi whan 
the carbon number of the alkyi groups is 16 at the reaction temperature of 9S'C. In additton. a reacOon t«niperature 
of 25''C tends to produce spherical particles, both when the cartjon number of the alkyI groups is 18 and wher^ the 
number is 16. On the other hand, a layered structure is obtained when the carbon number of the alky groups is 18 at 
a reaction temperature of 2»C. and spherical particles tend to fonn when the cart)on number of the alkyi groups is 1 6 
at the reaction temperature of 2°C. . .„ u 

[01091 A solid electrolyte having the surface-modified organte/inonganic complex backbone (b) will "o^.^edMcnbed^ 
[01101 The surface-modified organicfinorganic complex backbone (b) is one in which the polymer main chain of the 
inorganic oxide is composed of metal atoms and oxygen atoms. The metal atoms cited in connection wrth the above 
desCTiption of a solid aleotrolytB having an organloflnoiganio hybrid-based backbone can be named herein as examples 
of the metal atoms constituting the main chain. Among these, silicon, aluminum, andtltanlum are preferred berause 
of their good bonding with organte groups and oxygen. In a surface-modified organicfinorganic «»^nP'®'^^"""^ 
metal atoms and oxygen atoms bond together to fomi an oxide, which may be a complex oxide containing «wo or more 
types of metal atoms. The main chain of the inorganic backbone may be linear, branched, ladder-type, or reticulated^ 
mini Speciflo examples of the organic groups in the surface-modified organlcflnoiganic complex backbone Inck^de 
methi ethyl, and other alkyi groups with a carbon number of 1 to 6; and phenyl and other aryl groups with a carbon 
number of 6 to 12. The bonding positions of these organic groups may be the metal atoms or oxygen atoms that 

constitute the inorganic backbone. . ^ . _c_ 

[01121 Following Is a description of the method for manufacturing a solid electrolyte having a surface-modified or- 
ganic/Inorganic complex baclckxine. -^u « 
[0113] No particular restricUona are imposed on the method for manufacturing a solid electrolyte with a surface- 
modified organicTmoi^anic complex backbone. When, for example, the silicate backbone -Si-O- is fomried. the elec- 
trolyte can be obtained by a process in which an organosilane expressed by Eq. (7) below, as well as tetramettioxysi- 
Sie. tetr^ethoxysllane. tetrapropoxysllane, or another alkoxysllane. which Is used as needed, ara polycondensed 
using a surfactant as a template, and the surfactant Is then removed. 

[Chemical Formula 7] 
[0114] 

R-Si(OR')3 

[0115] In Eq. (7), R Is an alkyi group with a carbon number of 1 to 6. or an aiyl group with a carbon number of 6 to 
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12; and R' is a methyl or ethyl group. 

[01 1 6] In addition, the aforementbned ailcoxysiiane or inorganic baclcbane components such as sodium silicate and 
kanemite (NaHSi205-3l-l20) are polycondensed using a surfactant, the surfactant is removed to obtain an inorganic 
porous body, and the aforementbned organosilane or an organohalosilane such as tn'methoxychlorosilane [CI - SI - 
5 (OCH3}3] are caused to react with the ailanol groups (Si-OH) present on the surface of the inorganic backbone, whereby 
tfie organic groups can be introduced on the surface of the inorgamo backbone. 

[0117] An aluminum-containing inorganic backtxsne can also be formed using pseudo-baehmite, sodium aiumlnate, 
aluminumsulfate, dialkoxyaluminotrialkoxysllane, or the like. A metallosilicate-based backbone (SiO^MOn^) in which 
various metals (M"^, where M Is Ti, Zr. Ta. Nb. Sn, Hf, or another metal, and n is the charge on the metal) are contained 
10 in the silicate kiackbone can be obtained using an oxide in which the Si of the inorganic backbone component cited 
In connection with thefbrmation of the afbrementkined silicate backbone are substituted forTI, Zr, Ta, Nb, Sn, l-lf, and 
other metals. 

[01 1 8] Spedfically, a metaibsilicate-based porous body intowhichTi, V, B. or i\4n has k>een introduced can be obtained 
by adding a titanate compound (Tl(OC2H5)4 or the like), vanadium sulfate (VOSO4) , boric add .(H3BO3} , or manga- 
15 nese chloride (MnCl2) to an alkoxysllane and conducting a copolymerization reaction. 

[01 Id] In thefbrmation of a surfece-modlfied organic/inorganic complex backbone, the surfactants cited in connectbn 
with the description of the organic/inorganic hybrid-based backbone can \>e used as a template, and the polyconden- 
satbn and surfactant removal can be performed in the same manner as when the oiiganic/lnorganic hybrid-based 
t)ackbone is Ibnmed. 

20 [0120] The solid electrolyte of the present invention has a structure In which functional groups having ion-exchange 
capabilities are bonded with organic groups in the pores of an organic/lnorganb composite material configured as 
described above, and sufficiently high ionic conductance can be obtained at low temperatures in comparison with 
stabilized zirconia or another conventional solid electrolyte even when the relative pressure p/pg of water vapor is less 
than 1.0. 

25 [0121] The functional groups with bn-exchange capabilities that are mentioned herein have the function of^dlltatlng 
the phenomenon whereby the pores are filled with water or another liquid electrolyte, in addition to having the functbn 
of endowing the solid electrolyte pertaining to the present invention with ionic conductance. Specifically, the capillary 
condensation phenomenon occurs even when functional groups having ion-exchange capabilities are absent fix>m the 
pores of the solid electrolyte pertaining to the present InventJon, and placing functional groups having Ion-exchange 

30 capabilities inside the pores of the solid ebctralyte pertaining to the preserrt inventbn allows the poras to be completely 
filled with water under conditions in which the relative pressure p/p^ of water vapor is at a lower level. 
[0122] Specific examples offunctbnal groups having ion-exchange capabilities include the sulfonic acid group, phos- 
phoric acid group, carboxylic acid group, and sutfonlmide gmup. This type of functional group preferably comprises at 
least one group selected from annong the sulfonic acid group (-SOsH), phosphoric add graup {-PO4H2 or >P04H) , 

35 and carboxylic add group (-COOH) because doing so allows the pores to be completely filled with water, and higher 
ionb conductance to be ensured under conditions in which the relative pressure p/po of water vapor is at a lower level. 
[0123] In addition, the method whereby a functional group having bn-exchange capabilities is bonded with organic 
groups is not limited in any particular way, and the following three methods can be cited as examples. 
[0124] In the specific case In which the functional group having bn-exchange csapabllitles Is the sulfonic acid group, 

^ it is possible to dte a method that entails the use of fuming sulfuric acid, sulfuric anhydride (acetylated sulfur, SO3}, 
chlorosulfonic add (chbrosulfuric acid, CtSOsH), or another sulfbnation agent. When the functional group having bn- 
exchange capabilities is the phosphoric add group, it is possible to cite a method that entails the use of phosphorus 
oxychloride (POCI3} or another phosphorylation agent, and a method in which a reaction involving triethyl phosphite 
[5 conducted following chloromethylatlon, and the product Is hydrolyzed. When the functional group having lon-ex- 

45 change capabilities is the carboxylic add group, a group whose side-chain groups or terminal groups are methyl groups 
is introduced as the organic group, and the methyl group thereof is oxidized. 

[0125] No particular restrictions are Imposed on the shape of the solid electrolyte pertaining to the present invention 
thus obtained, and the electrolyte may be fashbned Into partbles and added to the electrolyte membrane, or a solid 
electrolyte membrane comprising a solid electrolyte may be formed as a thin membrane, as previously described. 

so [0126] According to the method for forming a solid electrolyte membrane comprising a soiki electrolyte, a thin film 
comprising an organic/inorganic composite material that combines the structure of an inorganic material and the struc- 
ture of an organic material and has pores whose mean pore diameters tall within the previously described range can 
t>e formed, for example, by a process in which a sol solution containing a porous precursor is applied to a glass substrate 
or the like, dried, and baked to remove the surfactant in the above-described step for manufacturing a solid electrolyte; 

B5 and the product can be appropriately obtained by bonding functional groups having ion-exchange capabilities with the 
organic groups constituting the backtxine of this composite material In accordance with the above-descrikTsd method. 
[0127] There Is also a method in which a membrane Is formed directly from a starting material that contains organic 
groups without the formation of porous particles. A uniform solution can be prepared by mixing an organic silan e starting 
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material a surfactant, a solvent (water, alcohol, or the like), and a hydrochloride in an appmpriate ratio. A unKbrm 
^nlpamnt membrane can be formed by applying this solution to a specific substrate, and heating and drying the 
Sr^te i n^S The method for applying the solution to the substrate is not limited in any particular way and 
fnc^d^ dto ^afng. spin coating, and spring. Baking and solvent extraction may be used to remove t^e surfacten 
mm thi uniSm transparent membrane. iTthe baking technique, the membrane ftm^ed on the «"b«t«te « tal«d at 
So to 6oTc. With 80h«nt extractton. the process is conducted by dipping membmne formed on the substrate in a 
solutton obtained by adding hydroohtoric add to ethanol or another solvent. ^. , • »„„,h-,oi«n 

Smi mLn the solid eliclrolyte pertalnina to the present invention isdispersed in parUcu ate torn J'f ^ 
Kyte diZntfrom the solid electrolyte particles, a proton-conduclinfl polymer electrolyte is preferably used as the 
other electrolyte dHferent from the solid elBctrolyta particles. u i _.j ~,i.»K»=na 

Examples of such polymer electrolytes Include perfluorosulfonlc acid, perfluorophosphonio aoid. P°^^^ 
sulfanio ad? polyvinyl ben^Jphosphonic add. polytrifluorostyrene sulfonic acid, and other homopolymers o copoj^ 
n^TethylenSS;^^^ 

polyr^ers. polyvinylidene fluoride, hexafluoropropyiene/vinyiidene fluoride ^PO'y'"^^' «t'^y'«"^'?'°'^"°™f*y^ 
^eCpolymeS. and other sulfonated or methyiphosphonated graft polymers obtained by the graft P°£^«"^«^" ^ 
swroneortrifluorostyranewithfluororesins: and polysulfonesuHanicacid membranes. P^'y^*^^^*^^'^"""""^^ 
S? melianee^pohjaraphenylene derivative sulfonic acid membranes, and other hydrocartDon-based Polymera^ 
%orP^^^y^es^e6 i the conventionally known art. or commercially available products may be used as 
such Joll^r electroiytes. In the case of perfluorosulfonic acid, for example, rt is possible to use a product obtamed 
5; c!:,^&ing^Sluoroethylene and a 

merclallv available product such as Aciptex. Nafion. or Flemlon. ^;<»«««^h 
H^lri. when the solid electrolyte pertaining to the present invention is fashioned into partides and d«p«sed 
" another electrolyte different from these solid electrolyte partides to fomi an eledrolyte '"^'"''^^"^j;!' ""^^^^ 
L MM electrolyte partides Is not limited In any partteular way as long as the excellent Ionic ^"/'"''f 
not "mpmmlseX aSiough a content of 40 to 80 mass% is preferred, based on the total mass of 
Jrane m a dry st^te. Bn^ing the content of the solid eledrolyte in the electrolyte menribrane in h-scase Wm. the 
aSLn^enfioned lower lirrS tends to fail to produce suffidently high ionic conductance when the f^^^''^^^ 
of««ter vapor is less than 1.0. whereas raising the content above the aforementioned upper limit tends to impede 
membrane molding and to reduce the membrane strength. ^ . .u- 

™ addition, the numerical density of po.es in an arbitrary plane parallel to the plane in '^'^^I^^S^^ 
S thfelectrolyte membrane pertaining to the present invention is preferably set to 1 x 1011 ^^^^^'^^^^ 
Se stendpoinfof providing the eledrolyte membrane with adequate ionic condudance both when ttie membrane « 
folS from a ^lid electrolyte abne and when the solid eledrolyte is dispersed in another elertrolytio substance and 
fa^lfnlZ^rl membrane. Keeping the pora density below 1 x 10^^ pores/cm^ tends to fail to yie« suffidentiy 
hiah tanlc conductance when the relaUve pressure p/Po of water vapor Is less than 1 .0 ^„ 
WImT Furthemiore. the moisture content of the eledrolyte membrane pertaining to the present invention m an en- 
Sronrnenl in whS^ the relative pressure p/Po of water vapor « 0.6 or less is preferably kept at 10 to 100 ma8S%. b^ed 
Tthe t^taJmaLs of the eledrolyte membrene in a dry state, from the standpoint of providing membrane wjh 
^^^ate tonic condudance both when the membrane is formed from a solid eledrolyte alone and when *e solW 
SroMe i8 disperaed in arwther electrolytic substance and fashioned into a thin membrane. Snnging the moisture 
comenUeSw^e aforementioned lower limit tends to fail to produce sufficiently high ion c «'"<«"f " 
relaUve p^t^u,^ pIp, of water vapor is 0.6 or less, whereas raising the content above the aforemenUoned upper limit 
tends to impede membrane moWlng and to reduce the membrane strength. „,„MroHo 
roiSl The anode 10 and cathode 20 will be described next. The anode 10. which Is a gas diffusion eledrede^ 
STm^risesL gls7r^8ion layer 12 and a catalyst layer 11 fomied on the gas diffusion layer 12. The cathode 20^.ch 
Z is a gas 'rsS eled^e. comprises a gas diffusion layer 22 and a cataiysl layer 21 formed on the gas drtfusion 

The gas diffustan layer 12 and gas diffusion layer 22 play the role "hereby the anode reacdon gas or 
Sn gas tSat is fed to the membrane electrode assembly 1 proceeds to the '^lalyst teyer in a 
™m»r and eiedrons produced by theelectrode readions at the cataiysl layere 11 and21 are released to the extemal 
T^Ts^^yTi^smembJe eledrode assembly 1; and also play the role whereby unread«i ss^.-^y--^ 
SZreadta^^^^ 

IdrrSnduding body (forexample. carbon ckith or carbon paper in whlchaiayBrcom^^^ 
SJon^er is formed on the surges) can. for example, be used as the stmdurai m 

mlq^ecatalystiayerlloftheanodelOisthereactonslteforsustainingtheeledroder^^^^ 
Sn the other hand the'catalyst layer 21 of the cathode In the fuel cell 2 is the readion 

readton given by Eq. (II) above. The manner in whidt the catalyst layer 11 of the artode 10 and the catalyst layer 21 
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of the cathode are configured is not limited In any particular way as long as these layers contain a catalyst for promoting 
the corresponding electrode reactJons and have gas diffusion properties and eiectricai conductivity. For example, the 
layers may comprise as their principal components a porous carrier (microparticuiate carbon blacic) of large surface 
area that supports catalyst particles (Pt particles, R alloy particles, or the Wke), and an ton-exchange resin (perfluoro- 
5 carbon sulfonic acid polymer or the like) or other polymer electrolyte that covers the canier. The materials for these 
catalyst, carrier, and polymer electrolyte are not limited in any particular way, and a variety of materials can be used 
in accordance with the Intended application. 

[0137] As previously described, the catalyst layer 11 ofthe anode 10 and/or the catalyst layer 21 ofthe cathode may 
also be configured without the addition of an ion-exchange resin. A w^er repellent (fluororesin or the like) may also 
10 be added as needed to the catalyst layer 11 and catalyst layer 21 . 

[0138] An anode separator 40 and a cathode separator 50 are mounted one each on the side of the anode 10 and 
on the side of the cathode 20 In each membrane electrode assembly 1, as shown in Fig. 2. The separator 40 and 
separator 50 may. for example, be formed from a gas-impermeable, electron-conducting member such as dense cartx>n 
that has been rendered impermeable to gas by the compaction of carbon, and has been fiashioned into a thin rectangular 

19 plate, as shown in Fig. 2. 

[0139] In addition, grooves 70 formed in the sur^ca along whteh the anode separator 40 is kept In contact with the 
anode 10 define anode reaction gas channels 41 together with the surface of the anode 10 ofthe membrane electrode 
assembly 1 (see Fig. 2). Grooves 72 formed in the cathode contact surface of the cathode separator 50 define cathode 
reactiongas channels 51 together with the surfoce ofthe cathode 20 ofthe membrane electrode assembly 1 (see Fig. 2). 

20 [0140] In addition, insulating members (not shown) are disposed in portbns otherthan the portions ofthe membrane 
electrode assembly 1 disposed between the anode separator 40 and cathode separator 50 to prevent electric contact 
t>etween the anode separator 40 and cathode separator 50. 

[0141] Furthermore, at least one ofthe anode separator 40 and cathode separator 50 Is provided as needed with a 
fluid channel (not shown] for a fluid (for example, liquid-state water) used to adjust the temperature ofthe membrane 

25 electrode assembly 1 during operation. 

[0142] In addition, the external output terminal 60 is a terminal for outputting to the outside the electrons generated 
by the electrode reactions occurring at the anode, and the external output terminal 90 is a terminal for feeding to the 
outside the electrons needed to sustain electrode reactions at the anode. The constituent materials or shapes of the 
extemal output terminal 80 and external output temnlna! 90 are not limited in any particular way as long as these 

30 terminals have electron conductivity. 

[0143] A method for manufacturing the membrane electrode assembly 1 will be described next. The method for 
manufacturing the membrane electrode assembly 1 His not limited in any particular way, and the assembly may be 
formed by conventional art. For example, the manufacturing can be carried out in accordance with the following for- 
mation method when the catalyst layer 11 and catalyst layer 21 are made to contain a polymer electrolyte. 

35 [0144] The first method for forming the catalyst layer 1 1 and catalyst layer 21 Is a formation method in which pastes 
(or inks} containing constituent materials for the catalyst layer 11 and catalyst layer 21 are first prepared, and each 
paste (or ink) is subsequently formed to a uniform thickness by spraying. applk:ation. filtration transfer, or the like on 
tmth skies of an electrolyte membrane 30 fabricated by the prevbusly descritied method. Here, it Is also passible to 
use a so-called transfer technique, in whbh the catalyst layer 11 and catalyst layer 21 are formed by applicatkjn or the 

40 like on a PTFE, polyethylene terephthalate. or other substrate plate prepared in advance, and these are then transferred 
to an electrolyte membrane 30 by hot pressing or the like. Bonding is then accomplished between the electrolyte 
membrane 30, which Is provided with the catalyst layer 11 and catalyst layer 21, and the gas drffusion layer 12 and 
gas difFusksn layer 22, which are composed of cart)on cloth or another material that has been rendered water repellent. 
It is possible to bring the gas diffusion layer 12 and catalyst layer 11, as well as the gas difTusion layer 22 and the 

^ catalyst layer 21, into contact with each other without bonding. 

[0145] The second method for forming the catalyst layer 11 and catalyst layer 21 is a method in which each paste 
(or ink) Is formed to a uniform thickness by spraying, application, flltration transfer, or the like on the surfaces ofthe 
gas diffusion layer 12 or gas diffusion layer 22, which comprises carbon cloth or another material that has been rendered 
water repellent It is also possible to use a transfer technique in which the catalyst layer 11 and catalyst layer 21 are 

BO formed by application or the like on a PTFE, polyethylene terephthalate. or other substrate plate prepared in advance, 
and th^e are then transferred to the gas difFusion layer 1 2 or gas diffusion layer 22 by hot pressing or the like. Bonding 
Is then accomplished between the electrolyte membrane 30 fabricated by the previously described method is bonded, 
the gas diffusion layer 12 provided with the catalyst layer 11, and the gas dUfuston layer 22 provided with the catalyst 
layer 21. It is possible to bring the electrolyte membrane 30, catalyst layer 11, and catalyst layer 21 into contact with 

S8 each other without bonding. 

[0146] The bonding in the aforementioned two methods is not limited in any particular way and may, for example, 
be accomplished by hot pressing or roil pressing. It is further possible to bond the two components with the aid of an 
adhesive without heating. 
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101471 When the catalyst layer 11 and cataVst layer 21 are configured without the addlUon ^J^P^^^'^"^^' 
^l^particles and particles of an Bleotroconducth«pomusbodymay>rB«^ 

S^lStering or the lite on the surface of the electrolyte membrane 30 fabricated by the previously descnbed method 

Sis' "'■^e'^e.S^rane elect^de assembly 1 is com pleted by the aforementioned method or the Hke. The memb^ne 
SedSdeairmbly11sdlsposedbetweentheseparator40andsepara^^^ 

mSber (not shown) is provWed as needed to prevent electric contact between the anode separator 40 and cathode 
^(SmtLS 50 an e^imal output tem^inal 80 is electrically connected to the anode separator 40. and an external output 
temtinal 90 is electrically connected to the cathode separator 50. completing the fuel cell 2, 

[Second Emtxidlment] 

10149] A second embodiment of the membrane electrode assembly of the present invenUon will f f ^"Jj^ 
Sfl^ is an exploded pe^pective view depicUng the structure of an electrolyte mennbrane ^^^"'^l^A^^^^^^ 
eSb«iment of the membrane electmde assembly of the present invention. The membrane ^'^^^^^^^^^^J^ J' 
sS has the same stnioture as the membrane electrode assembly 1 shown In Fig. 1. except for comprising the 

one communicating hole h31 that penetrates all the way from the surface m contact wtfi the anode 10 ("o^ »h««>)to 
resTr2Z~ntLwIththecathode20{notshown).andanlcn-conducUngeie^^^^^ 

material packed Into each communicating hole h31 . The ion-conducting element 32 contains the sol.d electrolyte per- 

Sl r^fe'SS'ir^ell'The ion-conducung element 32 may comprise exclusively the solid electrolyte pertainir^ 
rth?prJsem «n. or ire s^^ electrolyte'and another electrolyte different f^rn this solid electrolyte. The prevl- 
ouslv cited ion-conducting polymer electrolytes are preferred for the other electrolyte. „„f«„K,„ n y 

mw^B cross^ctional eurface area of the communicaUng holes h31 in the support element 31 « P.^^^f^b y 05 
r3?^00nmi^ing the cross^ecttonal surface area of the communi^^^^^ 

^cau ™of an incSased tendency of the fonic conductance to be adversely affected In ^'^-^Aj^ 
^oTb\ surfa,^ a^a of the communicating holes h31 above 30.000 n,ri2 Is unsuitable berause of a '«'«"«*°n ^e 
^^^ZZe of the enure electmlyte membrane 30A and a reduced likelihood ^^^^ ^^^'l^.'^'^^^ 
pCnomenon will occur in the pores. The cross-sectional surface area of the commun,cat.ng holes h31 .s more pref- 

S;5?i°radd°iSo"n"^he numerical density of the communicating hol^ h31 in an art.tt,ary f^- ^^^^° Pj,-^ 
n contact with the anode 10 of the electrolyte membrane 30A is preferably 1 x 10^ pores/cm2 or S'^^ter^'^ 
pr^Si^x 1010 pores/cm2 or greater, from the standpoint of endowing the elertralyte membrane 3QA with high 
ionic conductance while maintaining the mechanical strength of the support element 31 . disoersed 
01541 Herein when the solid electrolyte pertaining to the present invention is fashioned into Pa^^'^' 
Ta^theS Jt! dS^rint from thei solkl electrolyte particles to fom, the ion-conducting element 32. the conten^ 
cithe d el«Arolyte particles is not limited In any particular way as long as the excellent lonk: inductance therecrf 
notS,S,mS3^lthough a content of 40 to 80 mass% is preferred, based on the total mass of the •on:";"^'"^:! 
eieme^sJTn a d^ state. Bringing the content of the solid electrolyte In the ion^nducting element 32 '« th^ ««e 
SJS the aSr^mentloned lowir Lit tends to fall to pmduce sufficiently high Ionic «>nductance when the " 
p^ureXS water vapor is less than 1 .0. whereas raising the content above the afbremenUoned "PP^^ "^^ t«"J 
toTakT if more difficult to mold the lon^nductlng element 32 and to reduce the mechanteal strength of the Ion- 

raJsT iS aJdTtfon. the numerical density of pores in an arbitrary plane parallel to the plane in contact with the anode 
S tJ?ionlnduc*Tn^^^^^^ 32 Is preferably set to 1 x lOH pores/cm^ or greater from the standpoint ^^"^^^^ 
ten ind^ng element 32 with adequate ionic conductance both when the element is fbmied from a solid ^^^^ 
aionTaJd^nTSid electrolyte is dispersed in another elecUolytic substance. Keeping the pore •'en^'^'f*^- ; 
xlQiiporTcS tends tofail to ySsufncienU^ 

roi^'*' Fulhemiore the moisture content of the ion-conduding element 32 in an environment in which the relattve 
Sl^ureX cf v^ter vapor is 0.8 or less is preferably kept at 10 to 100 mass%. based on the total ."^ss of the 
o^X^ memhrar^e in a drv state from the standpoint of prwiding the element with adequate ionic conductance 
t^Z^l t^^^^S^ne is formS f^^ elect^lyte alone and when the solid electrolyte « dispej^ed in another 
^i^roXublnL and^^^^^^^^^^ into a thin membrane. Bringing the moisture content betow *e afe^Bntloned 
loSr^lmit tends to fail to produce sufficiently high tonic conductance when the relath« pressure PlPo^jf^J^. 
iZe oTtew" whereas raiding the content above the afbremenUoned upper limit tends to make rt more difficult to mold 
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the Ion-conducting element 32 and to reduce the mechanical strength of the ion-conducting element 32. 
[D157] The cross-sectianal shape of the communicating holes h31 is not limited in any particular way. it may, for 
example, be circular, oval, polygonal, gourd-shaped, or star-shaped. Furthemrtore, the communicating holes can have 
any shape as long as they penetrate all the way from the surface in contact with the anode 10 to the surface in contact 

s with the cathode 20, and may, for example, be formed so as to penetrate in a direction substantially parallel to the 
nonnai directbn to the sur^ce In contact with the anode 10 of the electrolyte membrane 30A. or to have a specific 
inclination with respect to the normal direction. For example, the communicating holes h31 may be linear or zigzagged. 
From the standpoint of ease of n^nufacture, the communicating holes h31 should preferably penetrate in a direction 
substantially parallel to the normal direction to the surface in contact with the anode 10 of the electrolyte membrane 3QA. 

10 [0158] The material constituting the support element 31 is not limited in any particular way as long as such commu- 
nicating holes h31 can be formed. For example, it may be a polymer material, an Inorganic material, or a composite 
of the two. Specific prefiarred examples of the support element 31 include alumina films provided with communicating 
holes h31, and polycarbonate films in which the communicating holes h31 are formed by means of electron beam 
irradiation and a soh/ent. 

IS [0159] A preferred emt3odlment of an electrolytic cell comprising the membrane electrode assembly shown in Fig. 1 
will be descrit^ed next. Fig. 4 is a schematic cross-sectional view depicting a preferred embodiment of an electrolytic 
ceil comprising the membrane electrode assembly shown in Fig. 1 . The electrolytic cell 3 has the membrane electrode 
assembly 1 shown in Fig. 1. and also has a voltage application element 60 for applying a specific voltage between the 
anode 10 and cathode 20 of the membrane electrode assembly 1, as shown in Fig. 4. 

20 [0160] The voltage application element 60 comprises a power supply (not shown) and a voltage control circuit {not 
shown) for controlling the application voltage fed between the anode 10 and cathode 20 from the power supply. 
[0161] The oxidation reaction involving water that is shown by Eq. (IV) below can be sustained at the anode, and 
the reduction reaction between hydrogen ions and oxygen shown by Eq. (V) below can be sustained at the cathode 
by adjusting the application voltage applied between the anode 10 and cathode 20 of the voltage application element 

25 60 when the electrolytic cell 3 Is mounted In the atmosphere. 

2H2O 4H* + O2 + 4e" {IV) 

30 

4H + O2 + 4e' ~> 2H2O (V) 

[0162] Consequently, depending on the arrangement conditions for the surface on the side not in contact with the 
electrolyte membrane 30 of the anode 10 and for the surface on the side not in contact with the electrolyte membrane 
^ 30 of the cathode 20, the electrolytic cell 3 can be used as a dehumidrfying apparatus or a humidifying apparatus 
because the space on the side of the anode 10 can be dehumidrTied and the space on the cathode side can be humid- 
ified. 

[0163] The membrane electrode assembly 1 used herein can be endowed with high electrolysis efficiency and op- 
erated at a lower application voltage than when a conventional membrane electrode assembly provided with a polymer 
^ electrolyte membrane is used in the aforementioned application because the water vapor in the atmosphere can be 
readily introduced and retained in the pores of the electrolyte membrane by the previously described capillary conden- 
satbn phenomenon, making it possible to ensure adequate ionic conductance. It is also possible to reduce the size of 
the entire power gene ration system by using this membrane electrode assembly 1 in the same manner as the previously 
descrlt)ed fuel cell. 

[0164] The reduction reaction involving hydrogen ions shown by Eq. (VI) below can be sustained at the cathode by 
adjusting the application voltage in accordance with the usage. Performing the reaction shown by Eq. (V) at the cathode 
Is preferred from the standpoint of operating the electrolytic cell 3 under conditions of reduced power consumption. 

go 2H'' + 2e'->H2 (Vl) 

[0165] The magnitude of the application voltage applied by the voltage application element 60 In order to sustain the 
electrode reactions expressed by Eqs. (IV) and (V) above Is theoretically or empirically established in an appropriate 
manner by taking into account, for example, thennodynamic data such as the redox potentials of the electrode reactions 
^ fc>etween the anode 10 and cathode 20 and overvoltage of the corresponding electrode reactions, and, additionally, 
also taking into account the type of material constituting the anode 1 0 and cathode 20, the type of material constituting 
the electrolyte membrane 30 and water content thereof, the ambient temperature or humidity, and other factors in 
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addftton to the and other parameters related to the corresponding etectrode reactions. 

[01681 Preferred embodiments of the present Invention were described In detailed above, but the present invention 
Is not limited by the above-described embodiments. hht.. 
[0167] For example, the above embodiments were described for a membrane electrode assembly having gas dim^- 
sion electrodes, but the membrane electrode assembly of the present invention is not limited thereby and may. for 
example, have a stmoture comprising an electrolyte membrane 30. a catalyst layer 11. and a catalyst layer 21. as in 

the membrane electrode assembly 1 A shawm In Fig . 5. w . 

101681 In addition, the above embodiments were described for a fuel cell having a single-cell stnjcture. but the mem- 
brane electrode assembly of the present invention is not limited thereby and may have a so-called stacked structure 

with a plurality of layered cells. .... „ 

[016S1 Furthemiora, the applications of the membrane etectrode assembly of the present InvenUon are not Bmited 
by tha above-described embodiments and may, for example. Include hydrogen hallde electrolyzerB. brine elaclrolyzBrs, 
hydrogen concentrators, humidity sensors, and gas sensors. 

[Examples] 

[0170] The present invention will now be described in further detail on the basis of examples and comparative ex- 
amples, but the present invention is not limited in any v«ay by the examples that follow. 

[0171] TTie following materials were first fabricated in the sequence described below: solid electrolytes pertaining to 
ttie present Inventtan (synthesis examptes 1 to 4), a conventional polymer electrolyte (comparative synthreis example 
1) and porous particles (organic/inorganic composite material. comparaUve synthesis example 2) in which no sulfonic 
add groups were introduced into the pores and which served as starting materials for the solid electrolytes pertaining 
to the present invention. 

[Synthesis Example 1] 

<Fabrication of Porous Particles> 

[01721 16 665g (47 . 8B mmol) of ootadeoyi trimethylammonium chloride {Ci8H„N (CH3) 3CI. referred to hereinbelow 
as "C«™A") 500 g of delonbed water, and 40 g of a BN NaOH aqueous soluUon (NaOH content: 200 mmol) were 
introduced Into a 1000-mL round-bottom flask and stirred at 50 to 60^C. yielding a transparent solution. This solution 
was cooled to room temperature. 20 g (49.67 mmol) of 1 .4-bis(triethoxysilyl)benzene (referred to hereinbelow as 
"BTEB-) was then added under vigorous stining. and the flask was treated wHh ultrasound waves for 20 minutes while 
manually shaken to disperse the BTEB In the solution. The resulting reaction mixture was allowed to stand far20 hours 
at 95 to 98»C. whereupon a white predpltate farmed. The reaction mixture was filtered without cooling, and the pre- 
cipitate was recovered, yielding 8.22 g of a surt'actant-containing porous particulate precureor. 
[01731 Onegramofthere8ultlngporousparticulateprecursorwassubsequentlydispersedin250mLofah5^ro^lonc 

acld/ethanol mUed solution containing 36 wt% hydrochloric acid, and the system was stirred for 8 hours at 70 C. The 
precipitate was then recovered by flltraUon. and washing with 250 mL of anhydrous ethanol. air drying, and vacuum 
drying at room temperature and a pressure of 10-2 to 10^ torr were sequentially performed, yielding the target porous 

roi74r The resulting porous particles were measured by "c-NMR and »SI-Niy<R. measured by X-ray diffraction, 
measured to determine the nitrogen adsorption isotherms, and observed under an electronic microscope. The resulting 
X-ray dHfiactlon patterns, nitrogen adsorption isotherms, and pore diameter distribution curves are shown in Figs. 6 
and 7. Fig. 8, and Fig. 9. respectively. The X-ray diffracUon patterns shown in Fig. 7 were obtained by varying the scale 
ofthe X-ray patterns shown in Fig. 6 in the range 28 = 1 to 10. 

[0175] Based on tha results of the above measurements. It was confirmed that the resulting porous particles had 
secondary hexagonal mesopores. that the backbone composition was -C6H4-SI2O3-. and that the suifeclant had been 
completely removed. It was also learned that the mean pore diameter of the pores In the porous particles was 2.8 nm. 
the BET specific surface area wa8/850 m2/g. the pore volume was 0.63 cm3. and the thickness of the pore walls was 
2.5 nm. 

<Fabrioation of Solid Electrolyte (Sulfonatlon)> 

[01761 23 g Of 50-mas8% fuming sulfuric add was added to 0.5 g of the aforementioned porous particles, and the 
system was stirred for 5 hours at 95 to 105''C . The reaction mixture was cooled to room temperature, ethanol was 
added and excess fuming sulfuric acid was caused to decompose. The predpltate In the reaction mbctore was reoov- 
ered by nitraUon. washed with water, added to deionized water, and bofled for 1 hour. The produd was further stirred 
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overnight !n 6N hydrochloric acid, and the precipitate obtained byfiltratian was vacuunvdried at room temperature and 
a pressure of 10*^ to 10^ torr, yielding the target solid electrolyte. 

[0177] The resulting solid electrolyte was subjected to sodium hydroxide titration in the fallowing sequence. Specif- 
ically, 50 mg of solid electrolyte was thoroughly vacuunvdried at 70°C and 10-2 to 10-3 lorr, and immersed overnight 

5 in a 1 0-wt% sodium chloride aqueous solution. Titration was then performed using a 0 . 05N sodium hydroxide aqueous 
solution, and the hydrogen ion (H*^) equivalent was measured. The resulting titration curves are shown in Fig. 10. 'In 
Fig. 10. cun^ a indlc^es the correlation between the pH and the amount in which a 0.05N sodium hydroxide aqueous 
solution was dropped, and curve b indicates the correlation between d(pH)/dV (value obtained by differentiating the 
pl-l at a dropping amount V with respect to the V) and the amount In which the 0.05N sodium hydroxide aqueous 

10 solution was dropped. It was confirmed that 5.5 x lO^eq/g of hydrogen ions was present in the resulting solid electrolyte, 
as shown In Fig. 10. This result indicated that 14.3% of the phenyl groups in the backbone (-C^H4-Si203-) of the porous 
body had been sulfonated to form a backbone expressed by -O-t sSI-CgHs (SO3H) -SiO-| 5-. 

[0178] In addition, X-ray diffraction patterns and nitrogen adsorption isotherms were measured for the aforemen- 
tioned solid electrolyte. The resulting X-ray diffraction patterns, nitrogen adsorptton isotherms, and pore diameter dis- 

15 tribution curves are shown In Figs. 6 and 7, Fig. 8, and Fig. 9, respectively. Based on these results, it was confinmed 
that the mean pore diameter of the pores In the porous particles was 2 . 8 nm, the BET specific surface area was 760 
m2/g, the pore volume was 0.50 cm^, the thickness of the pore walte vfas 2.5 nm, and a unifomn mesoporous structure 
could be maintained even after the introduction of sulfonic add groups into the pores .Three peaks, at 28= 11.6, 23.5, 
and 35.5, were found in the X-ray diffraction patterns of the porous particles and solid electrolyte shown in Fig. 6, and 

20 these results suggest that the benzene rings constituting the backtione of the solid electrolyte (or parous particles) are 
contained in pore wails, and that a regular structure Is present/in the pore walls. 

[Syntheste Example 2] 

25 [0179] A solid electrolyte was fabricated and sub^cted to sodium hydroxide titration in the same manner as in syn- 
thesis example 1 . except that 30 g of 60-mass% fuming sulfuric acid ^s used instead of the 23 g of 50-mass% fuming 
sulfuric add used in synthesis example 1, and a reaction was conducted for 5.5 hours at 75 to 85'*C. As a result, it 
was confirmed that 3.2 x 10^ eq/g of hydrogen ions was present in the resulting solkJ electrolyte. This result indicated 
that 8.3% of the phenyl groups in the backbone (-CQH4-SI2O3-) of the porous body had been sulfonated to form a 

30 backbone expressed by -O^ gSI-CeHs {SO3H) -SiOi.5-. 

[Synthesis Example 3] 

[0180] A solid electrolyte was fabricated and subjected to sodium hydroxide titration in the same manner as In syn- 
35 thesis example 1 , except that 30 g of sulfurb anhydride {SO3) was used Instead of the 23 g of S(>-mass% fuming sulfuric 
add used in synthesis example 1 , and a reaction was conducted for 5.2 hours at 40^C. As a result, it was confirmed 
that 1.1 X 10-^ eq/g of hydrogen ions was present in the resulting solid electrolyte. This result indicated that 2.9% of 
the phenyl groups in the backbone {-CQH4-Sl203-).of the porous body had been sulfonated to form a backbone ex- 
pressed by-Oi.5SI-CeH3 (SO3H) -SiO^.5-. 

40 

[Synthesis Example 4] 

[0181] A solid electrolyte was fabricated and subjected to sodium hydroxide titration in the same manner as in syn- 
thesis example 1 , except that 30 g of a 50 mass% sulfuric anhydride {SO3) Aetrachloroethylene (CHCIjCHCy mixed 
solution was used instead of the 23 g of 50-mass% fuming sulfuric acid used in synthesis example 1, and a reaction 
was conducted for 5.5 hours at 50 to 60^C. As a result, it was confirmed that 1.2 x 10*^ eq/g of hydrogen ions was 
present In the resulting solid electrolyte. This result Indicated that 3.1 % of the phenyl groups In the backbone (-CeH^- 
SI2O3-) of the porous body had been sulfonated to form a backbone expressed by -O^ gSi -CeHa (SO3H) -SiO-| 5-. 

50 [Comparative Synthesis Example 1] 

[0182] A polymer electrolyte membrane {registered trade name: Nafion 112; manufactured by DuPont) comprising 
perfluorosulfonic acid was used as comparative synthesis example 1 for the evaluation and testing of water vapor 
adsorption characteristics described below. 

55 

[Comparative Synthesis Example 2] 

[0183] Theporousparticlesobtainedinsynthesisexample 1 , in which no sulfonic acid groups had been introduced into 
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the pores, were used as comparative synthesis example 2 for the evaluation and testing of water vapor adsorption 
characteristics described below. 

[Evaluation and Testing of Vteter Vapor Adsorption Characteristics] 

5 

[D184] The amount in which watervapor was adsorbed when contact was maintained until water vapor whose relative 
pressure had been adjusted to a specific value reached saturation at 25°C was measured for the solid electrolytes of 
synthesis example 1 and comparative synthesis example 1, and Tor the porous particles of comparative synthesis 
example 2. The watervapor adsorption isothenns obtained by this measurement are shown in Fig. 11. 

10 [0185] It was confirmed for the solid electrolyte of Synthesfe Example 1 that the quantity of water vapor adsorption 
increases dramatteaily when the relative pressure of water vapor exceeds 0.45, that 0.45 g of water vapor, which 
corresponds to 90% of the pore volume, is adsorbed when the relative pressure of water vapor is 0.6. and that the 
pores are completely filled with water even when the relative pressure of water vapor is less than 1 .0, as shown in Fig. 
11 . It was also found in the case of the porous particles of comparative synthesis example 2 that the quantity of water 

IS vapor adsorpUon Increased dramatically with an Increase In the relative pressure of the watervapor, and this phenom- 
enon manifested itself after the relative pressure of the watervapor exceeded 0.6. These results were ascribed to the 
effect of improved water vapor adsorption characteristics that resulted from the introduction of sulfonic add groups 
into the pores. 

[0186] By contrast, no findings were obtained concerning adequate adsorption of watervapor in the solid electrolyte 
20 of comparative synthesis example 1 even when the relative pressure of the water vapor exceeded 0.9. and it was 
confinned that adequate ionic conductance could not be obtained when the relative pressure of the watervapor was 
less Uian 1.0, 

[Evaluation and Testing of Heat Resistance] 

25 

[0187] The solid electrolyte of synthesis example 1 and unsulfonated porous particles, which are a starting material 
for the solid electrolyte of synthesis example 1 , were themiogravimetrically analyzed and evaluated for their heat re- 
sistance in an air stream and a nitrogen stream. Fig. 12 depicts the profile of weight variaUons in porous particles as 
a starting material for the solid etedrolyte of synthesis example 1 when the themiogravlmetrlc analysis was performed 

30 In an air stream. In addition, Fig. 1 3 depicts the profile of porous particles as a starting material for the solid electrolyte 
of synthesis example 1 when thermogravimetric analysis was performed in a nitrogen stream. 
[0188] As can be seen from the results shown in Figs. 12 and 13, a significant weight loss of porous particles that 
accompanied the decomposition or sintering of the organic matter In the pores was observed at a temperature of about 
500«C or greater both in the air stream and in the nitrogen stream. Based on this fact, it was confimned that benzene 

35 rings were stably retained in the pores of the porous parUcles and that the porous particles exhibited high heat resistance 
within a temperature region of about SOO^C or less. 

[0189] It was also confirmed that the three peaks in the narrow-angle region {28 < 1 0) and the four peaks in the wide- 
angle region (10 < 28 < 70). which had been observed in the previously described X-ray diffractton patterns fcr such 
porous particles, were observed wlttiin the temperature region of 500«C or less. Based on this fact, It was confirmed 

40 th at both the structure in which the mesopores of porous particles were arranged in an orderiy fashion, and the ordered 
stojcture present on the atomic scale in the pore walls could be maintained in the temperature region of 500"C or less . 
It was also confirmed that the three peaks In the narrow-angle region (29 < 1 0) were observed following baking within 
a temperature region of 500 to QOO^'C both in an air stream and in a nitrogen stream, and that the structure in which 
mesopores were an^nged in an orderiy fashion was observed even after the organic matter in the pores had decom- 

45 posed. 

[0190] In addition, unsulfonated porous particles, which are a starUng material for the solid electrolyte of synthesis 
example 1 . were heated for 8 hours In boiling water, and it was confirmed that no changes at ail had occurred affecting 
the backbone structure with pores or the condition of the organic groups In the pores following such heating. These 
porous particle were tiius confirmed to have high hydroUiermal stability. These results also suggest that Uie solid 

50 electrolyte of synUiesis example 1 has high hydrothermal stability. 

[0191] Results related to a profile In which weight variations had the same tendency as the above-described porous 
particle were also yielded by a thermogravimetric analysis of tiie solid electrolyte of synthesis example 1 both in an air 
stream and in a nitrogen stream, and it was confirmed Uiat benzene rings and sulfonic add groups {-SO3H) could be 
stably retained in the pores of Uie soiid electrolyte at a temperature of about SWC or greater and tiiat the solid eleo- 

55 trolyte exhibited high heat resistance. Based on Uie analysis results of X-ray diffraction patterns, it was also confirmed 
tfiat both tfie stmcture in which tiie mesopores of tfie solW electro lyle of synthesis example 1 were arranged in an 
orderiy fashion, and the ordered structure on the atomic scale in tiie pore walls could be maintained within the tem- 
perature region of SOO^C or less botii in an air stream and in a nitrogen stream. 
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[0192] Desorptbn gas was also subjected to mass spectrometfy during a thermogravimetric analysis Involving the 
solid electralyte of synthesis example 1 , and it was confirmed that the sutfonic acid groups (-SO3H} introduced into the 
pores of the solid electrolyte could be stabfy retained within the temperature region of SOCTC or less both in an air 
stream and in a nitrogen stream. 

5 

[Structural Analysis] 

[0193] Unsutfonated porous particles, which served as a starting material for the solid electrolyte of synthesis ex- 
ample 1. were photographed using a transmission electron microscope (JEM) andmeasured using electron beam 
10 diffraction patterns, and the structure of the porous particles was analyzed, and the structure of the solid eiectrolyte of 
synthesis example 1 deduced based on the results thus ot)tained. 

[0194] Figs. 14 and 15 are TEM photographs of porous partbles that served as a starting material for the solid 
electrolyte of synthesis example 1. Fig. 14 depicts a TEhA photograph obtained when an observation was made con- 
cerning the cross sections of hexagonally arranged mesopores in porous particles, and Fig. 15 depicts a TEM photo- 
15 graph obtained when the mesopores of the porous particles were viewed in the lateral direction (direction perpendicular 
to the normal direction to the cross section of the mesopores shown In Fig. 14). 

[0195] Based on the TEM photographs in Figs. 14 and 15, it was confirmed that the porous particles were configured 
such that tunneMiice mesopores were arranged in a hexagonal manner. It was also learned from the TEM photograph 
in Fig. 15 that a layered structure with an interlayer distance of 7.6 A (see Fig. 16 below) extended throughout the 
20 entire pore wall. 

[0196] In addition, the internal structure of the porous particles found on the TEM photographs in F^s. 14 and 15 
was in agreement with the internal structure of porous particles determined based on the measurement results of 
electron beam diffract Ion pattems . Itwasaiso confirmed on the baste of these results that these porous particles had 
a surface structure in which layers of hydrophobic benzene rings and layers of hydraphllic silicates were arranged in 
25 an alternating manner. It was further learned from these results that the pordus particles had the internal structure 
schematically shown in Fig. 16. 

[0197] Furthermore, the arrangement structure of benzene rings and silicates inside the pore walls of porous particles 
was determined based on the aforementioned information. The results are shown in Figs. 17 to 21. The structural 
models shown In Figs. 17 to 21 below were created using "Cerius^" (UNIX machine sofhA/are) on the basis of analysis 
30 data obtained from XRD, TEM, ^^SI-NMR, and i^C-NMR (, and a publication (G. Cemoan et al., Angew. Cham. Inf. 
Edu. EngL, Vol. 39. pp. 1376 to 1398, 2000} related the monocrystalline structural analysis of 1.4-bi8(trihydroxysilyl) 
benzene molecules. 

[0198] Fig. 17 is a model diagram schematically depicting the hexagonal structure of mesopores in the porous par- 
ticles as viewed along the c-axis shown in Fig. 16. In addition. Fig. 18 is an enlarged view of Fig. 17. Figs. 17 and 18 
35 are diagranns Indicating that the units (backbones) whose composition Is expressed as -O^.SSI -CeHa-SIOl ,4- in the 
pore walls of porous particles are fbrmed in a layered fashion. 

[0199] Fig. 19 is a model diagram schematically depicting the hexagonal structure of mesopores in the porous par- 
ticles as viewed along the b-axis shown In Fig. 16. In addition, Fig. 20 is an enlarged view of Fig. 19. Furthermore, Fig. 
21 is a model diagram schematically depicting the molecule structure inside the mesopores of the porous particles. 
^ [0200] Solid electrolytes (synthesis examples 5 to 8) pertaining to the present invention were subsequently fabricated 
in the fbllowing sequence, as was a solid electrolyte (comparative synthesis example 3) obtained by a process In which 
porous particles that served as a starting material for the soiid electrolyte of synthesis exampie 1 and did not have any 
suftonic acid groups introduced into the pores were dispersed in a conventional polymer electrolyte; and the specific 
conductance of each electrolyte was nneasured. 

45 

[Synthesis Examples 5 to 8] 

[0201] The solid electrolyte of synthesis example 1 was mixed in a specific mixing ratio with an ethanol solution 
(perfluorosulfDnic acid content : 5%) of perfluorosulfonicacid (Nafion from DuPonl) and made into a paste. The product 
so was dried and nnolded in a tabletting apparatus at a pressure of 1100 kg/m^, yielding pellets with a diameter of 10 
mm. In the process, the pellets of synthesis examples 5 to 6 were fabricated such that the content ratio of the solid 
electrolyte ([admixed amount of solid electrolyte] / [sum of admbced amounts of solid electrolyte and perfluorosulfonlc 
acid]) was 0.60, 0.80, 0.89, and 0.91 in terms of mass. 

55 [Comparative Synthesis Example 3] 

[0202] Porous particles were fabricated In the same manner as in synthesis example 1 , and pellets (content ratio of 
porous particles (in temns of weight): 0.60) were fabricated in the same manner as in synthesis example 5, except that 
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the particles wera directly mbced with a pe«utfonlcacld/ethanoisolutlonwlthoutt»ingfashioned into a sattd electraiyte 
(sulfonated). 

pvieasuremenl and Testing of Specific Conductance] 

102031 Each of the products obtained In synthesis examples 5 to 8 and comparative synthesis «(ample 3 v«ssand- 
t,S»en perfluorosulfonlo add membranes (Nafion 112 from DuPont). the assembly was -"ouniBd in a 
^?d^cS^4t?nrcell(w«hdlscoidpla«numblacKplatinflot^^ 

solution: electrode diameter: 10 mm), and the electrodes were pressed down with a pressure of 32 ^^'T'^^^^^^ 
SiSSknoTof synthesis examples 5 to 8 and comparative synthesis exampte ^ v«8 detenn«i«jd by^^ the 
Zll in purified water and measuring the altemaUng-cunrent resistance at 1 icHz with an LCR metBr . The results are 
shown In Table 1 . 



[Table 1] 




CONTENT RATIO OF SOLID 
ELECTROLYTE 


SPECIFIC CONDUCTANCE IS arr^ 


SYNTHESIS EXAMPLE 5 


0.60 


0.021 


SYNTHESIS EXAMPLE 6 


0.80 


0.017 


SYhfTHESIS EXAMPLE 7 


0.89 


0.017 


SYNTHESIS EXAMPLE 8 


0.91 


0.015 


COMPARATIVE SYNTHESIS 
EXAMPLE 3 


(0.60)* 


0.0014 



' INDICATES THE CONTENT RATIO OF POROUS RARTICLES 

r02041 AS is evident from the results shown in Table 1 . the pellets of synthesis examples 5 to 8 attain a sufBdenUy 
S?hlnJ3^ Jnducto™^ the pellets of comparative synthesis example 3 have an extremely low specific 

co^ndu^n^Thle^s";^^^ 

froMelT^s ateri^duded thrt the spedfic condudance of soM eledrolyte parUdes as sudi was ev^n h'Qher than 
me mels^d vlTs sh^^^^^ in Table 1 because numerous cradcs and flaws had fom^ed in the pellets of synthesis 
examples 5 to 8 fallowing measurement 

[Example 1] 

[0205] A membrane electrode assembly having the same structure as m Fig. 1 was fabricated in accordance with 

Toloq'" wfdX'merrana (membrane.hid.ness:20 ^m) was fabricated in --rdance «J.h the foilowir^s^^ 
oin« ^^Sn ^Zon (referred to hereinbelow as "solution A") in which 5 mmol of 1.4-bj^tnmethoxysrtyl) 
S^nzSe^Seteird^aSIed in 31 mmol methanol was prepared. A solution (referied to hereinbelow as "solution 
?")^aCpmpamdb^^^ 

fn ^mmol of water by being healed to 50 to 60-0, the dissolution pmdud was cooled to room temperature, and 20 

uL of a 2-niol/L hydrochloric add aqueous solution was then added . 

ra2071 When Stan A was gradually added to soluUon B and the product was vigorously sUrred using a stimBr. 

Z^eouemZ^ti out. thoroughly washed with water, and boiled for 1 hour in deionized water. The ^^^^^ 
f^SZ^£^^!^ s^^o^ ^lsn6 overnight in ^moi/L hyd^chloric acid. An electroj^ membrane wrth a thldc- 
ness of 20 ^m was ultimately obtained by slowly peeling off the coated film from the subst-^^. 
ro2081 A paste for fomiing catalyst layers was prepared in the following manner, both fbr the anode and for the 
Se Soecifrcany a soiSion was prepared as a paste for fonning catalyst layers in a manner sudi that carton 

^2^/ ' Produds wHh a thidcness of 300 ^m. obtained by covedng the meshes of a water-repellent carbon cloth 
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(woven fiber doth) with a water-repeilent carbon powder iayer (mixture of carbon blacic and PTFE) . were used herein 
as the gas drffuslon layers of both the anode and cathode. 

[021 0] The anode and cathode catalyst layers were tebricated by applying and drying the paste for forming catalyst 
layers such that the amount in which platinum was supported on each of the two sides of the sofid electrolyte membrane 
5 was 0.4 mg/cm^. 

[021 1] The gas diffuston layers and the electrolyte membrane provided with the catalyst layers were bonded together 
In the below-described manner, and a membrane electrode assembly (effective surface area of electrodes: 1 cm^) was 
fabricated. Specifically, the components were hot-pressed and bonded in a state In which the two gas diffusion layers 
were placed opposite each other such that the two sides on which the watern^pellent carbon powder had been formed 
10 faced inward, and the electrolyte membrane provided with the catalyst layers was sandwiched theret>etween. 

[Example 2] 

[0212] A membrane electrode assembly was fabricated in the same manner as in example 1, except that platinum 
t5 and carbon were concurrently deposited by sputtering on the two sides of the electrolyte membrane used in example 
1, and that catalyst layers (thbicness: 1 p.m; amount of supported platinum: 0.4 mg/cm^ were formed extending from 
the outermost surface of the electrolyte membrane to the surface layer portions of the pores. 

[Example 3] 

20 

[021 3] A membrane electrode assembly was febrtcated in the same manner as In example 1 , except for the use of 
a solid electrolyte membrane fabricated in accordance with the sequence described below. 

[0214] Specifically, an electrolyte membrane containing a solid electrolyte was obtained by using the same solid 
electrolyte as that used for the material that constituted the electrDlyle membrane of example 1 , mixing this solid elec- 
25 trolyte and an alcohol aqueous solution (perfluorosutfbnic add content: 5%) of a perfluorusuKonic acid polymer (reg- 
istered trade name: Nafion; manufactured by DuPont), and casting the mixture to form a membrane. The mixing ratio 
of the solid electrolyte and perfluorosutfonic acid solution was set such that the mass of solid electrolyte and perfluor- 
osulfonic add polymer was 2:8 when expressed as the mass ratio of dried solid fractions. 

30 [Example 4] 

[0215] A membrane electrode assembly was fabricated in the same manner as in example 1, except that a solide- 
lectrolyle membrane fabricated in accordance with the below-described sequence was used and that catalyst layers 
were further formed on this membrane in accordance with the following sequence. 
35 [0216] Specifically, an alumina membrane filter (lhicl(ness:20 |im; through-hole diameter: 0.1 yim\ surface ratio of 
holes: 75%) was used as the support element, the same electrolyte membrane as the one used in example 1 was 
formed in each hole, and catalyst layers that were identical to those in example 2 and comprised platinum and cartx)n 
were formed by sputtering on the surface of the membrane. 

40 [Comparative Example 1] 

[0217] A membrane electrode assembly was fabricated In the same manner as In example 1 , except that a polymer 
electrolyte membrane (registered trade name: Nafion111 ; membrane thickness: 25 ^im; manufactured by DuPont) with 
a membrane thickness of 25 ^m was used. 

45 

[Comparative Example 2] 

[0218] A membrane electrode assembly was fabricated in the sanne manner as in example 2, except that a polymer 
electrolyte membrane (registered trade name: Naflon111 ; membrane thtekness: 25 |im; manufactured by DuPont) was 
so used. 

[Evaluation and Testing of Electric ' Cell Characteristics] 

. [0219] A separator with gas channels was mounted on the membrane electrode assemblies of examples 1 to 4 and 
55 comparative examples 1 and 2 to fabricate measurement cells (fuel cells) having the same structure as the one shown 
In Fig. 2, and the current-voltage characteristics of each measurement cell were tested using an electron load and a 
direcl-cunBnt power supply (manufactured by Hokuto Denko; registered trade name: ±2V20A Discharge Power Sup- 
ply). 
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[0220] The measurement conditions of example 1, examples. ^"'^ ^^-•"Pf ^'^^tlSTndTlJS^^ 
m^^^ment Site 100-C. and the output cunent density was 0.5 A/cm^. In addition, the meas- 
..romoni cnnditions excsDt that the operating temperature of the measurement cells was laOPC. 

^tlln J^sTld^t^^Thmc loss) Of each measurement cell was -"^^^^^^^^ -'"-^f^^^^^^^ 

ro222l A* a result of measurements, the voltage of the measurement eel in example 1 was 0.72 V. and stable power 

Le^iu^^Tv^pllS fn addiUon. the vo«age Of me mea^ 

JeneraUon was possible. Furthermore, the voltage of the measurement cell in example 3 was 0.48 V. and e powe 
nlZZ^ ^ ocssible In addlUon. the voltage of the measurement cell In example 4 was 0.40 V. and stable power 
ren:Srn rs S?bi:. B;«n"S^ the Z*renes in the measurement -"s «J --^^^^^^^ ^ ^ 

ipidly dried up. the membrane resistance increased, and power generation could not be J- 
mOT^i WHh tt^e membrane electrode assembly of the present InvenUon. the product water of cell reactions can be 

vaoor at the operating temperature of the membrane electrode assembly .»i^„^„aeceinhlw 
roSil In addttlon Sefuel cell of the present invention comprises the aforementioned "1^ 
Sifitl tieSore ^^s^bte to readily reducethe scala of the entire powergeneration system and to obtain high energy 

S^'tuSS. the electrolyticcell of thepresent invention 

^Smbly a nd llTth^refore possible to readi V reduce the scale of ti,e entire power generation system and to obtain 

K"i^'^inTtri^:74^^^^^^ H a.o possible to provide a sol« eiectre^e that can be appropna^ly 
SsamSrialforthe electrolyte membrene of the above-described membrane electrode assembly, fuel cell, and 

rateraSependentiyfrom each otherforthe purpose of original disclosureaswe^^^ 
me claimed inSntion independent of the compositions of the features in tiie ^'^^odimente and^or me dai^^^^ 
Z,ltar^d that all value ranges or indications of groups of enmies disclose every P°f» " 
SS^eXforme purpos'e of original disclosure as well asfbrthe purpose of restricting me claimed Invention. 

Claims 

4 A mpmhrane electrode assembly comprising an anode, a cathode, and an electrolyte membrane disposed between 
J.ranS and cS^de ^^^^^^ n«mbrene comprising a solid electrolyte in which a plurality of 

?ori S m^rZ diamSere S i to 30 nm are fbm«d; and me solid electrolyte has a backbone comprising 
S^l^lcgrouS having one or more metal atoms, oxygen atoms bonded to themetal ^'^n-- ^"J 
bonded to me metal atoms or oxygen atoms, and also has functtonal groups whh lon^change capabilities mat 
are bonded to the organic groups in the pores. 

2. The membrane electrode assembly according to daim 1. wherein the anode and cathode are gas diffusion elec 
trades. 

3. Tl.e membrane eledrede assembly according to daim 1. wherein me electrelyte membrane comprises the solid 
electrolyte. 

4. The membrane electrode assembly according to claim 1 . wherein me electrolyte membrane further comprises a 
polymer electrolyte different from me solid eledrolyte. 

5. TTie membrane electrode assembly according to claim 1. wherein the n^l^lr'ZT^r 
plane parallel to me plane In contact wim me anode of me electrolyte membrane Is 1 x 10" porestem^ orgreater. 

6. The membrane eledrode assembly according to daim 1. wherein the eledrolyte membrane comprises: 
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a support element that Is shaped as a plate and has at least one communicating hole that penetrates all the 
way from the surface in contact with the anode to the surface in contact with the cathode; and 
an ion-conducting element that comprises an electrolytic material packed into each of the at least one com- 
municating holes; and 

5 

wherein the Ion-conducting element comprises the solid electrolyte. 

7. The membrane electrode assembly according to claim 6, wherein the ion-conducting element compiles the solid 
electrolyte. 

10 

8. The membrane electrode assembly according to claim 6, wherein the Ion-conducting element further comprises 
a polymer electrolyte diflerentfram the solid electrolyta. 

9. The membrane electrode assembly according to claim 6, wherein the cross-sect tonal surface area of the commu- 
te nlcating holes is 0.2 to 30,000 nm^. 

10. The membrane electrode assembly according to claim 6. wherein the numerical density of the communicating 
holes in an arbitrary plane parallel to the plane in contact with the anode of the electrolyte membrane is 1 x 1 0^ 
pores/cm^ or greater. 

20 

11. The membrane electrode assembly according to claim 6, wherein the numerical density of pores In an arbitrary 
plane parallel to the plane in contact with the anode of the ion-conducting element is 1 x 10^'^ pores/cm^ or greater. 

12. The membrane electrode assembly according to claim 1, wherein the functional groups with Ion-exchange capa- 
25 bllitles that constitute the solid electrolyte are at least one group selected from the sulfonic acid group, phosphoric 

acid group, and carboxylic acid group. 

13. The membrane electrode assembly according to daim 1, the bacltbone comprising: 

30 organic groups having one or more cartoon atoms; 

two or more metal atoms bonded to the same or different carbon atoms in the origante groups; and 
one or nrtore oxygen atoms bonded to the metal atoms. 

14. The membrane electrode assembly according to claim 1 , wherein the mean pore diameter of the pores In the solid 
35 electrolyte is 1 to 5 nm. 

15. The membrane electrode assembly according to claim 1 , wherein the solid electrolyte has one or more peaks at 
a diffraction angle that corresponds to a d-value of 1.5 nm or less in an X-ray difTractJon pattern. 

40 16. The membrane electrode assembly according to daim 2, wherein the gas dilTusion electrodes comprise at least 
a catalyst layer that contains a catalyst for promoting electrode reactions at the anode and/or cathode, and has 
gas diffusion properties and electrical conductivity. 

17. The membrane electrode assembly according to claim 16. wherein the gas diffusion electrodes further comprise 
45 a gas diffusion layer that has gas diffusion properties and electrk^al conductivity; and 

the catalyst layer Is disposed between the gas dHfuston layer and the electrolyte membrane. 

18. A fuel cell, comprising: 

so 

a membrane electrode assembly according to any of daims 1 to 1 7; 

a cathode separator that is disposed In a stale proximate to the external surface of the cathode In the membrane 
electrode, assembly, and that is at least provided with a groove for forming a channel for feeding an oxldizer- 
containing cathode reaction gas to the cathode from outside the membrane eledrode assembly; and 
ss an anode separator that is disposed in a state proximate to the external surface of the anode in the membrane 

electrode assembly, and that Is at least provided with a graove for forming a channel far feeding a reductant- 
contalnlng cathode reaction gas to the anode from outside the membrane electrode assembly. 
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10 



IS 
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19. An electrolytic cell, comprising: 

a memhrane electrode assembly according to any of dalms 1 to 17; and ^ ^ . »^ 

a IIS^T^pVSon element for applying a specific voltage between the anode and cathode that conetrtute 
the memtirane electrode assembly. 

20 A solid electrolyte, wherein a plurality of pores with mean pore diameters of 1 to 30 nm are fomied; and 

wJerSTSS solid electrolyte has a backbone comprising organc groups having one or -^jo^ m^^f ^d 
oxygerSis^nded to the mLl atoms, and carbon atoms bonded to the metal atoms or oxygen atoms, and 
a2?Ss Sonal groups with lorv«xchange capabilrties th.t a re bonded to the organic groups In the po^ and 

^Tng one or mom peaks at a diffracttan angle that corresponds to a d-value of 1.5 nm or less In an X-ray 
dHfractlon pattern. 

21 The sow electrolyte according to claim 20. wherein the functional groups with ''^=f'^;\f\^^^'^^ ^"^ 
^t^ne gmup selected from the sulfonic acid group, phosphoric acid group, and caH,oxyllc add group. 

22. The solid electrolyte according to claim 20. wherein the backbone comprises: 

oraanic arouDS having one or mare carbon atoms; 

XTnS^ metal atoms bonded to the same or different cart,on atoms In the organic groups; and 
one or more oKygen atoms bonded to the metal atoms. 

23. The solid electrolyte according to claim 20. wherein the mean pore diameter of the pores is 1 to 5 nm. 
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Fig. 5 
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Fig. 6 
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Fig.8 
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Fig.9 
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Fig,11 
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Fig.12 
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